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ABSTRACT 
F- 406 5- 1 
This  r e p o r t  desc r ibes  t h e  t e c h n i c a l  i n v e s t i g a t i o n s  performed dur ing  
the  design and development of an  o p t i c a l  superheterodyne r e c e i v e r .  The 
n e t  r e s u l t  of t h i s  e f f o r t  has  produced a t e s t e d  des ign  f o r  a f i e l d  model 
system. The i v e s t i g a t i o n s  descr ibed  include t h e  t e s t i n g  of an  expe r i -  
mental  over a 6000 f o o t  path,  t heop t i c s ,  photomixing, doppler frequency 
t r ack ing ,  o p t i c a l  frequency t r a n s l a t i o n  techniques and s p a t i a l  alignment 
of t h e  r ece ived  s i g n a l  and l o c a l  o s c i l l a t o r .  
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SECTION 1 
INTRODUCTION 
1.1 SUMMARY OF PROGRESS 
Under t h i s  program w e  have demonstrated the  f e a s i b i l i t y  of opera t ion  
of an o p t i c a l  superheterodyne r e c e i v e r  with l a r g e  diameter  o p t i c s  i n  t h e  
atmosphere. Such a r e c e i v e r  has been operated over a one-mile atmospheric 
pa th .  The r e s u l t s  of t h i s  experiment i n d i c a t e  t h a t  s u f f i c i e n t  coherence of 
t h e  beam w i l l  be r e t a i n e d  f o r  bo th  h o r i z o n t a l  and v e r t i c a l  pa ths  through 
the  atmosphere t o  make opera t ion  of t he  o p t i c a l  superheterodyne p o s s i b l e  
and hence make it  p o s s i b l e  t o  r e a l i z e  the advantages of t h e  o p t i c a l  super-  
heterodyne r e c e i v e r .  A s  a r e s u l t  of the experiments and accompanying s t u d i e s  
a design f o r  a d e l i v e r a b l e  model of an o p t i c a l  superheterodyne r e c e i v e r  has  
been achieved. This  u n i t  i s  t o  be cons t ruc ted  i n  t h e  coming months. 
A major accomplishment of t h i s  f i r s t  y e a r ' s  program has been t h e  ex- 
per imenta l  confirmation of an o p t i c a l  design which p rese rves  coherence of 
t he  rece ived  o p t i c a l  beam and which a l s o  expands t h e  a l lowable  angular  
t r ack ing  e r r o r .  Assuming t h a t  both the  rece ived  s i g n a l  and l o c a l  o s c i l l a -  
t o r  a r e  plane waves t h e  al lowable t racking  e r r o r  f o r  an o p t i c a l  supe rhe te r -  
dyne r e c e i v e r  w i th  an o p t i c a l  a p e r t u r e  on t h e  order  of 8 inches would be 
i n  t h e  microradians.  Our o p t i c a l  design expanded t h i s  a l lowable t r ack ing  
e r r o r  t o  approximately 200 microradians.  This  means t h a t  an angular  t r a c k -  
ing  servo  of comparatively conventional des ign  can be used t o  t r a c k  t h e  
incoming s igna  1. 
In t h e  o r i g i n a l  proposa l  it was s t a t e d  t h a t  t h e  main t r ack ing  servo  
would t r a c k  a t a r g e t  t o  an accuracy of 1 m i l l i r a d i a n ,  and t h e  necessary  
co l l ima t ion  between t h e  rece ived  s igna l  and t h e  l o c a l  o s c i l l a t o r  would be 
a t t a i n e d  by means of a v e r n i e r  se rvo .  
work, t h e s e  requirements  have been re laxed  so t h a t  t h e  v e r n i e r  servo can be 
e l imina ted  and adequate t r a c k i n g  obtained by t i g h t e n i n g  up t h e  t o l e r a n c e  on 
t h e  main t r a c k i n g  servo .  El iminat ion of t he  v e r n i e r  se rvo  g r e a t l y  s impl i -  
f i e s  t h e  system design,  improves t h e  r e l i a b i l i t y ,  and s i m p l i f i e s  t h e  i n i t i a l  
a c q u i s i t i o n  of t he  s i g n a l .  
t r a c k i n g  servo  can s t i l l  be achieved with convent iona l  components. 
A s  a r e s u l t  of t he  o p t i c a l  design 
The h igher  performance r equ i r ed  of t h e  main 
1 
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The problems encountered i n  developing an au tomat i ca l ly  tuned r e c e i v e r  
I 
f o r  doppler  frequency t r a c k i n g  have been s t u d i e d .  
cover a 1 Gc/s doppler  range appears  t o  be  f e a s i b l e  w i t h  p r e s e n t l y  a v a i l -  
a b l e  components. 
A r e c e i v e r  which can 
We have demonstrated t h a t  e l e c t r o - o p t i c  f requency t r a n s l a t o r s  can be 
used t o  de r ive  t h e  l o c a l  o s c i l l a t o r  s i g n a l .  These frequency t r a n s l a t o r s ,  
i n  conjunct ion w i t h  wide bandwidth d e t e c t o r s ,  w i l l  make it p o s s i b l e  t o  
handle  20 G c  doppler s h i f t s  i n  t h e  f u t u r e .  This  p a r t i c u l a r  work was sup- 
por ted  under the Company Research Program but  de r ived  i t s  mot iva t ion  from 
t h e  o p t i c a l  superheterodyne p r o j e c t .  
Various photodetec tors  i nc lud ing  PIN d iodes ,  p h o t o m u l t i p l i e r s  and 
traveling-wave pho tode tec to r s  have been eva lua ted  f o r  t h i s  r e c e i v e r .  
p r e s e n t  choice i s  t o  use  a wide bandwidth p h o t o m u l t i p l i e r .  
pho tomul i tp l i e r s  o f f e r  promise f o r  f u t u r e  r e c e i v e r s .  
The 
Crossed f i e l d  
In  t h i s  p r o j e c t  w e  have a l s o  genera ted  performance s p e c i f i c a t i o n s  f o r  
gas  l a s e r s  t o  be  used i n  communication-like systems. 
These s p e c i f i c a t i o n s  are p r i m a r i l y  concerned w i t h  t h e  n o i s e  output  of 
t h e  l a s e r  and t h e  frequency con ten t  of t h e  laser. 
In  a company r e s e a r c h  program we  have demonstrated t h e  t r ansmiss ion  of 
an ampli tude modulated v ideo  bandwidth s i g n a l  through t h e  atmosphere. This 
accomplishment i s  a necessary  ad junc t  t o  t h e  demonstrat ion of the ope ra t ion  
of t h e  o p t i c a l  superheterodyne r e c e i v e r .  
The d e t a i l e d  r e s u l t s  of the t e c h n i c a l  i n v e s t i g a t i o n s  a r e  r e p o r t e d  i n  
Sec t ion  2 of t h i s  r e p o r t .  The recommended des ign  f o r  a d e l i v e r a b l e  model 
of an o p t i c a l  superheterodyne r e c e i v e r  based upon t h e s e  i n v e s t i g a t i o n s  i s  
presented  i n  Sect ion 1.2. 
1 . 2  PLANNED OPTICAL SUPERHETERODYNE RECEIVER DESIGN 
The design phase f o r  t h e  o p t i c a l  superheterodyne r e c e i v e r  i s  subs tan-  
t i a l l y  completed. 
w e  i n t end  t o  cons t ruc t  an o p e r a t i o n a l  model of t h e  o p t i c a l  superheterodyne 
r e c e i v e r .  This o p t i c a l  superheterodyne r e c e i v e r  w i l l  be s u i t a b l e  f o r  con- 
duc t ing  d e t a i l e d  s c i e n t i f i c  propagat ion  experiments ,  t r a c k i n g  experiments ,  
In  t h e  next  phase of t h e  o p t i c a l  superheterodyne p r o j e c t ,  
2 
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and communications experiments.  S u f f i c i e n t  v e r s a t i l i t y  w i l l  be b u i l t  i n t o  t h e  
r e c e i v e r  t o  permit  r ecep t ion  of amplitude-modulated v ideo  bandwidth s i g n a l s  
and amplitude- and frequency-modulated audio s i g n a l s .  Bandwidth of t h e  re- 
c e i v e r  w i l l  be c o n t r o l l a b l e  t o  p e r m i t  op t imiza t ion  of t h e  r e c e i v e r  f o r  t h e  
experiment a t  hand. The se rvo  systems w i l l  be  adequate t o  permit t r ack ing  
of a t r a n s m i t t e r  mounted on a v e h i c l e  t r a v e l i n g  a t  v e l o c i t i e s  up t o  1000 f e e t  
per  second and undergoing acce le ra t ions  up t o  100 f t / s  
of 5000 f e e t .  
2 a t  a minimum range 
This  r e c e i v e r  w i l l  be i n s t a l l e d  in  a van s imi la r  t o  t h a t  shown i n  
F igure  1. The van mounting makes i t  comparatively easy  t o  perform exper i -  
ments a t  v a r i o u s  geographica l  l oca t ions  and a l s o  provides  a much l a r g e r  
f i e l d  of view than i s  u s u a l l y  a v a i l a b l e  from a l a b o r a t o r y  bu i ld ing .  
The b lock  diagram f o r  t h e  o p t i c a l  superheterodyne r e c e i v e r  i s  shown 
i n  F igure  2. General ly  speaking, t h e  ope ra t ion  of t h e  diagram i s  s e l f -  
explana tory .  The d e t a i l e d  s p e c i f i c a t i o n  f o r  each of t h e  b locks  shown h e r e  
has  been generated during t h e  des ign  phase of t h i s  p r o j e c t .  It should be 
noted t h a t  a double heterodyne system i s  used f o r  t h i s  r e c e i v e r .  
l o c a l  o s c i l l a t o r  l a s e r  i s  s t a b i l i z e d  and ope ra t e s  a t  an o f f s e t  frequency t o  
a l low s a t i s f a c t o r y  opera t ion  a t  ze ro  doppler s h i f t .  The output  frequency 
from t h e  photomixer, where t h e  incoming o p t i c a l  s i g n a l  i s  heterodyned wi th  
t h e  l o c a l  o s c i l l a t o r  s i g n a l ,  w i l l  l i e  i n  t h e  frequency range of - + 500 Mc. 
The second heterodyne s t e p  produces the r e l a t i v e l y  low frequency in t e rmed ia t e  
frequency. 
t r o l s  t h e  RF l o c a l  o s c i l l a t o r  i npu t  t o  the  RF mixer.  
Here t h e  
Doppler frequency t r ack ing  i s  provided by an AFC loop t h a t  con- 
An a l t e r n a t e  des ign  would use a s i n g l e  heterodyne system. Th i s  system 
would perform t h e  frequency t r ack ing  func t ion  by tun ing  an o p t i c a l  l o c a l  
o s c i l l a t o r  and e l imina t ing  a tunable  RF l o c a l  o s c i l l a t o r .  This  system which 
would s e e m  t o  be easier w a s  n o t  considered because at t h i s  w r i t i n g  t h e  p e r -  
formance and s t a b i l i t y  of s i n g l e  frequency lasers were n o t  known. 
ing  our  f u t u r e  i n v e s t i g a t i o n s  w e  f i n d  t h e  o p t i c a l  l o c a l  o s c i l l a t o r  s u i t a b l e  
f o r  t h i s  a p p l i c a t i o n  then a s i n g l e  heterodyne system would probably be i m -  
plemented i n  p l a c e  of t h e  one descr ibed.  
be less complicated,  more d e s i r a b l e ,  and s t i l l  provide  t h e  f l e x i b i l i t y  t o  
extend t h e  system t o  20 Gc/s coverage by use  of f requency t r a n s l a t o r  tech-  
n iques .  
I f  dur- 
The s i n g l e  heterodyne system would 
3 
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Recent prel iminary tests wi th  s i n g l e  frequency lasers i n  our l abora to ry  
now appear t o  favor  t h e  s i n g l e  heterodyne system. 
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SECTION 2 
TECHNICAL INVESTIGATIONS 
2 . 1  SYLVANIA'S EXPERIMENTAL LASER SYSTEM 
2 . 1 . 1  Sys t e m  Desc r ip t ion  
P r i o r  t o  the  s tar t  of Cont rac t  No. NAS8-11588 Sy lvan ia ' s  Applied 
Research Laboratory had been a c t i v e l y  engaged i n  the  s tudy  and development 
of coherent  laser systems. 
f i r s t  model of an o p t i c a l  superheterodyne r e c e i v e r  w i t h  l a r g e  c o l l e c t i n g  
o p t i c s  which operated over a 1200 f o o t  a tmospheric  p a t h  had been cons t ruc t ed .  
The success  of t h i s  r e c e i v e r  l e d  t o  the des ign  and c o n s t r u c t i o n  of a coher- 
e n t  l a s e r  t r ack ing  system mounted i n  a mobile van u n i t .  
been used as an exper imenta l  model t o  a i d  i n  t h e  development of a des ign  f o r  
an o p t i c a l  superheterodyne r e c e i v e r  under Cont rac t  No. NAS8-11588. 
A s  a r e s u l t  of t he  company sponsored e f f o r t  a 
This  system has 
The coherent  laser t r ack ing  system c o n s i s t s  of an o p t i c a l  super -  
heterodyne r e c e i v e r ,  gas  laser t r a n s m i t t e r ,  and t r a c k i n g  se rvo  t o  d i r e c t  t he  
beam a s  shown i n  F igure  3 .  The van i n s t a l l a t i o n  is shown i n  F igu res  1 and 
4. 
0 
The ou tpu t  from a helium-neon gas laser o p e r a t i n g  a t  6328A i s  d i -  
rected v i a  a mir ror  through the  atmosphere t o  a d i s t a n t  r e t r o r e f l e c t o r .  
The r e t r o r e f l e c t o r  r e t u r n  i s  r e f l e c t e d  by the  beam d i r e c t o r  mi r ro r  i n t o  t h e  
c o l l e c t i n g  o p t i c a l  system. The o p t i c a l  system c o n s i s t s  of a primary 8- inch  
diameter  p a r a b o l i c  mi r ro r  and a secondary c o l l i m a t i o n  mir ror .  
reduces the  s i z e  of t h e  r e t u r n  s i g n a l  and forms a beam t o  be mixed w i t h  t h e  
o p t i c a l  l o c a l  o s c i l l a t o r  s i g n a l .  One gas laser produces both  t h e  t r a n s -  
m i t t e d  beam and the  l o c a l  o s c i l l a t o r  s i g n a l .  A f requency o f f s e t  f o r  t he  
l o c a l  o s c i l l a t o r  s i g n a l  i s  generated by t h e  frequency t r a n s l a t o r .  The 
s y s t e m  makes use  of t h e  s p a t i a l  and temporal coherence of the  gas  l a s e r  
ou tpu t .  Thus, i n  t he  o p t i c a l  system care has  been taken t o  des ign  and main- 
t a i n  o p t i c a l  component t o l e rances  t o  w i t h i n  a f e w  pe rcen t  of a wavelength 
over t h e  s p a t i a l  e x t e n t  of e i t h e r  the t r ansmi t t ed ,  rece ived ,  o r  l o c a l  
o s c i l l a t o r  beams. 
t i c a l  heterodyne p o r t i o n  of t he  system. 
This  sys t em 
Mechanical to le rances  a r e  extremely important  i n  the  op- 
Both the  rece ived  s i g n a l  and l o c a l  
7 
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Figure 4. Photo of Van Interior. 
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o s c i l l a t o r  s i g n a l  phase f r o n t s  are  a l igned  t o  w i t h i n  a f r a c t i o n  of a wave- 
l e n g t h  wi th in  the s y s t e m .  
a rugged nonmicrophonic c a v i t y  which i s  i n s e n s i t i v e  t o  a c o u s t i c a l  and s h o r t -  
term temperature d i s tu rbances ,  thus providing extreme frequency s t a b i l i t y .  
The gas laser d i scha rge  tube has  been mounted i n  
The to le rances  i n  o p t i c a l  heterodyne systems are u s u a l l y  d i scussed  
i n  terms of the  angular  misalignment between a r ece ived  s i g n a l  and t h e  l o c a l  
o s c i l l a t o r  s i g n a l .  
of the  two beams f o r  reasonable  performance. Thus, i f  t h e  beams bo th  are  
1 cm i n  l i n e a r  dimension an angu la r  misalignment of about  32 microradians 
corresponds t o  a half-wave misalignment a t  6328A. 
ed o p t i c a l  s i g n a l  i s  reduced i n  s i z e  by the  r a t i o  of t h e  secondary t o  p r i -  
mary mirror  f o c a l  l eng ths  i n  o rde r  t o  perform t h e  mixing o p e r a t i o n  a t  re- 
duced s i z e s .  
mary mirror  i s  thus magnified. I f  w e  were merely mixing co l l ima ted  beams, 
angular  pe r tu rba t ions  produced by t h e  atmosphere on the  r e t u r n  beam, angu la r  
j i t t e r  of t h e  t r ack ing  mount, o r  v i b r a t i o n  of t h e  system would exclude any 
form of opera t ion .  This problem is  solved by t h e  unique design of t h e  
s y s  tem. In  Sy lvan ia ' s  s y s  t e m ,  mixing i s  performed by f i r s t  e s t a b l i s h i n g  
very p r e c i s e l y  an  e f f e c t i v e  common source  p o i n t  f o r  bo th  t h e  r e t u r n  beam 
and the  l o c a l  o s c i l l a t o r  beam. The beams are then allowed t o  d ive rge  a t  
the  same r a t e  and thus  have t h e  same s i z e  a t  t h e  photomixer. To t h e  f i r s t  
o rde r ,  angular  misalignments caused by v a r i a t i o n s  i n  a n g l e  of a r r i v a l  mere- 
l y  produce an a rea  mismatch. That i s ,  t h e  two s p h e r i c a l  waves a t  t h e  mixer 
r e t a i n  the  same apparent  common c e n t e r  and only t h e  a r e a  of ove r l ap  changes. 
This concept has y e t  t o  be r i g o r o u s l y  proved, however, a c t u a l  o p e r a t i o n  of 
t he  system i n  the  f i e l d  mounted i n  a mobile van provides  evidence of system 
ope ra t ion  which suppor ts  t h i s  concept.  
Alignment r e q u i r e s  a t  l ea s t  half-wave s p a t i a l  matching 
0 
I n  our system the  c o l l e c t -  
Angular misalignments due t o  an  angu la r  d e v i a t i o n  a t  t h e  p r i -  
2 . 1 . 2  Op t i ca l  and Phys ica l  Design 
The prototype model used f o r  o p t i c a l  heterodyne experiments w a s  a 
second generat ion model. The o r i g i n a l  model o p t i c s  des ign  was desc r ibed  
i n  the  document "Proposal f o r  Development of An O p t i c a l  Superheterodyne 
Receiver' '  22 November 1963, submitted t o  NASA by Applied Research Laboratory,  
Sylvania  E lec t ron ic  Systems, 40 Sylvan Rd., Waltham, Mass. A s  a r e s u l t  
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of tes ts  on t h i s  o r i g i n a l  design t h e  o p t i c s  and p h y s i c a l  design used i n  t h e  
van mounted model were developed. This design was discussed i n  d e t a i l  i n  
a subsequent r e p o r t .  1 
The trace of s i g n a l  r ays  and l o c a l  o s c i l l a t o r  r a y s  through t h e  s y s t e m  
is  shown i n  Figure 5 .  The ou tpu t  of the laser is  r e f l e c t e d  by m i r r o r s  t o  
the  beam d i r e c t o r  mi r ro r  and thence toward t h e  d i s t a n t  r e t r o r e f l e c t o r .  The 
r e t u r n  r ays  are  r e f l e c t e d  from t h e  beam d i r e c t o r  t o  t h e  p a r a b o l i c  mi r ro r  
and thence t o  t h e  secondary beam forming mi r ro r .  The co l l ima ted  r e t u r n  
s i g n a l  is  then mixed w i t h  the  l o c a l  s i g n a l  a t  the  mirror  adder and t h e  
r e s u l t a n t  b e a t  d e t e c t e d  by t h e  pho tomul t ip l i e r .  
o r i g i n a t e s  a t  t h e  laser b u t  has been s h i f t e d  i n  frequency by t h e  frequency 
t r a n s l a t o r  t o  provide a frequency o f f s e t .  The l a s e r  l o c a l  o s c i l l a t o r  s i g n a l  
i s  focused by a beam forming l e n s .  The o b j e c t  of t he  l e n s  is  t o  form a 
l o c a l  o s c i l l a t o r  beam which has  a focus p o i n t  corresponding t o  t h e  focus  
p o i n t  of t h e  secondary mir ror .  This  matching reduces i t s  s e n s i t i v i t y  t o  
an gu la  r mismatch . 
* 
The l o c a l  o s c i l l a t o r  s i g n a l  
Another s i g n a l  takeoff  a t  C provides t h e  o p t i c a l  e r r o r  s i g n a l  f o r  t he  
ang le  t r a c k i n g  servo .  A s p o t t i n g  t e l e scope  is a l s o  inco rpora t ed  i n  t h e  
sys  t e m  f o r  v i s u a l  d a t a  t akeof f .  
These o p t i c s  were found t o  be  s a t i s f a c t o r y  f o r  u s e  i n  t h e  o p t i c a l  
superheterodyne r e c e i v e r  design. 
The p h y s i c a l  design of t h e  o p t i c a l  p o r t i o n  of t he  r e c e i v e r  i s  shown 
i n  F igu re  6.  This drawing shows t h e  main s i g n a l  c o l l e c t i n g  o p t i c s ,  t h e  
v a r i o u s  al ignment  f i x t u r e s ,  and t h e  viewing t e l e scope .  The a n g l e  t r a c k i n g  
servo ,  which f i t s  on t h e  r i g h t  end of t h e  o p t i c a l  s t r u c t u r e ,  i s  n o t  shown. 
2 . 1 . 3  Coherent System Experiments and Performance 
Coherent l i g h t  propagation experiments over 6,000-foot atmospheric 
They were c a r r i e d  o u t  w i t h  t h e  cohe ren t  laser pa ths  have been performed. 
t r a c k i n g  system which uses  an o p t i c a l  superheterodyne r e c e i v e r .  
of t h e  experiments has  been t o  determine t h e  e f f e c t s  of t h e  atmosphere on 
t h e  heterodyne frequency s i g n a l .  Amplitude, phase, and a n g l e  of a r r i v a l  
f l u c t u a t i o n s  a l l  produce s i g n a l  v a r i a t i o n s .  The equipment, mounted i n  a 
The o b j e c t  
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mobile van i s  shown i n  F igure  4. A block diagram of t h e  system i s  shown i n  
F igure  3. Data has been taken over t he  6,000-foot a tmospheric  pa th  under 
vary ing  meteorological  cond i t ions .  The t r a n s m i t t e r - r e c e i v e r  has  been loca ted  
a t  t he  Sylvania Waltham Labora tor ies ,  and t h e  r e t r o r e f l e c t o r  is  loca ted  on 
Bear H i l l  which i s  3000 f e e t  away. The e l e v a t i o n  of the t r a n s m i t t e r - r e c e i v e r  
and r e t r o r e f l e c t o r  i n s t a l l a t i o n  are approximately t h e  same. 
between is  a tree studded v a l l e y  whose e l e v a t i o n  is  approximately 100 f e e t  
l e s s  than t h e  propagation pa th .  Typical  system performance d a t a  is  summarized 
i n  Table I. 
The t e r r a i n  i n  
TABLE I 
COHERENT LASER SYSTEM DATA 
Radiated Power 
Radiated BeamwFdth ( 574 
Average Receiveb S igna l  Power 
Average S igna l  Power a t  Photomixer 
Local O s c i l l a t o r  Power 
Peak Local O s c i l l a t o r  S i g n a l  t o  
Noise 
Average Beat Frequency S igna l  
t o  Noise 
Heterodyne Ef f i c i ency  
* 
* 
* 
** 
5 x w a t t  
5 x r a d i a n  
3.2 x w a t t  
1.3 x w a t t  
1.8 x w a t t  
42 dB 
38 dB 
-10 dB 
* 
Average va lue  s i g n a l  f l u c t u a t i n g  because of a tmospheric  propagat ion  
e f f e c t s .  
** 
Rat io  of average heterodyne s i g n a l  l e v e l  t o  maximum t h e o r e t i c a l  b e a t  s i g n a l  
l e v e l  corresponding t o  measure va lues  of average r ece ived  s i g n a l  and l o c a l  
o s c i l l a t o r  s i g n a l .  
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Typ ica l  s i g n a l  r e t u r n s  are shown in  the  osc i l logram,  F igu re  7.  This  
record  was obtained i n  June 1964 on a f a i r  weather day. The wind v e l o c i t y  
was about  20 mi les  per  hour. 
r e t r o r e f l e c t o r  was about 3 f e e t .  The top trace shows the beats generated by 
heterodyning the  r e t u r n  w i t h  the  l o c a l  o s c i l l a t o r .  The b e a t s  occur i n  groups 
because of t h e  manner i n  which t h e  l o c a l  o s c i l l a t o r  frequency o f f s e t  was 
obtained and should r e p e a t  every 1 . 7  m s .  The rounding of the envelope i s  
due t o  the  a m p l i f i e r  bandwidth. The s i g n a l  was f i l t e r e d  by a bandpass f i l -  
ter which passed 3 kc t o  10 kc  t o  remove t h e  low-frequency i n t e n s i t y  f l u c -  
t u a t i o n s .  Frequency t r a n s l a t i o n  was performed mechanically.  The laser out -  
pu t  was s h i f t e d  i n  frequency t o  form the l o c a l  o s c i l l a t o r  s i g n a l  by re- 
f l e c t i n g  t h e  beam from a moving mir ror .  S ince  a r e c i p r o c a t i n g  mirror  motion 
w a s  a c t u a l l y  used, t he  doppler frequency s h i f t  v a r i e d  w i t h  t i m e  g i v i n g  r i s e  
t o  the  envelope of t h e  waveform i n  F igure  7 .  The lower trace i n  F igu re  7 i s  
the  r e t u r n  s i g n a l  passed through a low-pass f i l t e r  w i t h  a c u t o f f  frequency 
of 1 kc. N o  b e a t s  a r e  p r e s e n t  because they do n o t  f a l l  w i t h i n  t h i s  bandwidth. 
The t r a c e  i s  a r e p r e s e n t a t i o n  of t h i s  ins tan taneous  photocurrent .  It  in-  
d i c a t e s  t h e  s i g n a l  power f l u c t u a t i o n s  s i n c e  the  atmospheric turbulence pro- 
duces on ly  low-frequency v a r i a t i o n s .  Approximately 80-90 p e r c e n t  amplitude 
modulation i s  r ep resen ted  by i n t e n s i t y  s i g n a l  excurs ion .  I n  g e n e r a l  one 
would expec t  t h e  b e a t  s i g n a l  t o  be somewhat smoothed as  compared w i t h  t h e  
o p t i c a l  power f l u c t u a t i o n  s i n c e  the  bea t  s i g n a l  i s  p r o p o r t i o n a l  t o  t h e  
squa re  r o o t  of t h e  r ece ived  o p t i c a l  power. Prel iminary tests i n d i c a t e  this  
t o  be t r u e  a t  times al though o t h e r  e f f e c t s  can be observed. 
The 5% l a s e r  beamwidth a t  t h e  2.5- inch diameter 
In  our p re l imina ry  observa t ions  we have noted pronounced b e a t  ampli tude 
v a r i a t i o n s  t h a t  cannot be c o r r e l a t e d  wi th  t h e  amplitude f l u c t u a t i o n s .  These 
obse rva t ions  as shown i n  Figure 7 include i n c r e a s e s  i n  b e a t  amplitude w i t h  
d e c r e a s i n g  o p t i c a l  power r e t u r n  and vice ve r sa .  A l s o  complete b e a t  s i g n a l  
dropouts  w i thou t  i n t e n s i t y  dropouts  have been observed. In Figure  7 t h e  
l a r g e s t  b e a t  s i g n a l  occurs a t  a medium i n t e n s i t y  l e v e l ;  sma l l e r  b e a t  then 
occurs  a t  a higher  i n t e n s i t y  l e v e l ,  and a p a r t i a l  dropout has occurred between 
these  b e a t s .  The f o u r t h  b e a t  i s  a l so  missing. Then when t h e  power i s  low a 
r e l a t i v e l y  good b e a t  occurs .  The low amplitude f i n e  s t r u c t u r e  i n  t h e  b e a t  
s i g n a l  d i s p l a y  i s  laser l o c a l  o s c i l l a t o r  n o i s e .  
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Figure 7. Oscillogram of Return Signal. 
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The a d d i t i o n a l  modulation on t h e  b e a t  s i g n a l  can be  produced by two 
d i f f e r e n t  e f f e c t s  o r  a combination of these e f f e c t s .  One could be phase 
f l u c t u a t i o n s  a c r o s s  t h e  r e t u r n i n g  beam introduced by t h e  atmosphere and t h e  
o t h e r  could be f l u c t u a t i o n s  i n  t h e  angle of a r r i v a l  which produces a m i s -  
al ignment i n  the  heterodyning s i g n a l s .  
Attempts have been made t o  ope ra t e  t h e  superheterodyne system t o  t h e  
r e t r o r e f l e c t o r  on t h e  TV tower 7 miles away. Upon i n c r e a s i n g  t h e  range from 
6000 f e e t  t o  14 miles w e  found t h e  noncoherent s i g n a l  l o s s e s  inc reased  by 
about  a f a c t o r  of 4 t o  6 times t h a t  loss a n t i c i p a t e d  by t h e  normal beam 
divergence e f f e c t s .  This a d d i t i o n a l  l o s s  has been a t t r i b u t e d  t o  haze 
s c a t t e r i n g  and a t t e n u a t i o n .  Visual  observat ions made on t h e  r e t u r n  s i g n a l  
have shown t h a t  t h e  s i z e  of t h e  r e t u r n  approximates t h e  expected 5 inch  
diameter r e t u r n  from t h e  2.5 inch  diameter r e t r o r e f l e c t o r .  Thus t h e  beam 
has  n o t  s e r i o u s l y  d e t e r i o r a t e d  over t h i s  range under t h e  propagat ion con- 
d i t i o n s .  During t h e  tests t o  t h e  TV tower a 0.2 m i l l i r a d i a n  beamwidth was 
used. Line of s i g h t  angular  f l u c t u a t i o n s  of t h e  beam was approximately 
less than 0 . 1  m i l l i r a d i a n .  
In  t h r e e  tests w e  were unable  to  ach ieve  cohe ren t  ope ra t ion .  The 
i n s t a b i l i t y  of t h e  l o c a l  o s c i l l a t o r  no i se  has proven t o  be  t h e  most s eve re  
l i m i t a t i o n .  This n o i s e  i s  appa ren t ly  produced by l o n g i t u d i n a l  mode p u l l i n g  
i n  t h e  laser.  The r e s u l t a n t  i n t e r b e a t i n g  between modes produces a cont inu-  
a l l y  changing n o i s e  s p e c t r a  as the  modes appa ren t ly  change their  r e l a t i v e  
frequency s e p a r a t i o n .  This n o i s e  i s  s e n s i t i v e  t o  t h e  laser c a v i t y  a d j u s t -  
ment. A minimum n o i s e  l e v e l  can be obtained i n  the  hemispherical  c a v i t y  
by p r e c i s e  adjustment  of t h e  mi r ro r  s e p a r a t i o n  and al ignment  w i t h  the  
ampl i fy ing  gas column. A t  b e s t  w e  were a b l e  t o  a d j u s t  t h e  c a v i t y  such t h a t  
a minimum b u t  somewhat u n s t a b l e  c y c l i c  n o i s e  is  observed. The n o i s e  a m -  
p l i t u d e  v a r i e s  i n  t i m e  from approximately t h e  expected photon induced s h o t  
n o i s e  l e v e l  t o  n o i s e  composed of s i n e  waves a t  many d i f f e r e n t  f r equenc ie s  
t h a t  a r e  c o n t i n u a l l y  changing. The r e p e t i t i o n  r a t e  is  a s s o c i a t e d  w i t h  t h e  
slow thermal d r i f t  of t h e  c a v i t y .  The amplitude-frequency c h a r a c t e r i s t i c  
of t h i s  n o i s e  i s  approximately a - d i s t r i b u t i o n .  I n  t h e  frequency range 
of o p e r a t i o n  (4-10 kc as determined by the  p r e s e n t  l o c a l  o s c i l l a t o r  o f f -  
s e t )  t h e  maximum amplitude of t h i s  no i se  a t  t h e  b e s t  c a v i t y  adjustment  i s  
1 
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approximately 2 0  t o  40 times t h e  minimum. The n o i s e  c y c l e s  from t h e  mini- 
mum s h o t  no i se  l e v e l  through a c o n t i n u a l l y  va ry ing  frequency s i n e  wave, 
thence i n t o  a mult i f requency s i n e  wave s p e c t r a ,  then back t o  t h e  va ry ing  
s i n e  wave and f i n a l l y  r e t u r n i n g  t o  t h e  s h o t  n o i s e  l e v e l .  The s h o t  n o i s e  
l e v e l  du r ing  these  t e s t s  l a s t e d  only about  10 seconds. It i s  du r ing  
t h i s  low-noise per iod t h a t  b e a t  s i g n a l s  were searched f o r  on t h e  TV tower 
range. It  was n o t  p o s s i b l e  t o  perform f i n e  system adjustments  du r ing  t h i s  
s h o r t  per iod .  When o p e r a t i n g  on t h e  3000 f o o t  range t h i s  problem i s  over- 
come by t h e  high s i g n a l - t o - n o i s e  r a t i o .  During t h e  tes ts  t h e  beamwidth was 
ad jus t ed  t o  a minimum s i z e  compatible w i t h  atmospheric t u rbu lence  as d i s -  
cussed above. In  each t e s t  a noncoherent r e t u r n  was measurable. Calcula-  
t i o n s  ind ica t ed  t h a t  i d e a l l y  a 1 O : l  b e a t  s i g n a l  t o  s h o t  n o i s e  l e v e l  should 
be observable.  
The b e s t  way t o  a l l e v i a t e  t h i s  d i f f i c u l t y  is  t o  s u b s t i t u t e  a s i n g l e  
l o n g i t u d i n a l  mode laser f o r  t he  p r e s e n t  multimode laser. Because of t h e  
n o i s e  problem t h e  lonp-range s h o t  has  n o t  been given a f a i r  t r i a l  and t h e  
r e s u l t s  t o  d a t e  are inconclus ive .  
2 .1 .4  System Performance Expectat ions 
2 . 1 . 4 . 1  Range Equation 
The received s i g n a l  power Ps a t  t h e  photomixer i s  given by t h e  
express  ion 
P =  €lPTAc 
S+R2 
where 
= r e c e i v e r  o p t i c s  e f f i c i e n c y  €1 
P = t r a n s m i t t e r  power 
A = o p t i c a l  c o l l e c t o r  area 
f+ = t r a n s m i t t e r  beamwidth 
R = d i s t a n c e  between s t a t i o n s .  
T 
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The heterodyne r e c e i v e r  w i l l  ope ra t e  i n  t h e  photon n o i s e - l i m i t e d  o p e r a t i o n  
mode; thus ,  t h e  v o l t a g e  s igna l - to -no i se  r a t i o  N is  given as 
where 
c2 = r e c e i v e r  heterodyne e f f i c i e n c y  
Q = photomixer quantum e f f i c i e n c y  
hv = energy per photon 
Af = r e c e i v e r  e l e c t r i c a l  bandwidth. 
The c o l l e c t o r  area may be w r i t t e n  as 
7 r 2  A = - D  c 4 c  ( 3 )  
where D i s  t h e  c o l l e c t o r  d iameter .  
t o  52 by t h e  expression 
The beamwidth OT i n  r ad ians  is  r e l a t e d  
C 
n 2  %=pT . 
S u b s t i t u t i n g  Eqs. ( 3 )  and ( 4 )  i n  Eq. (1) then s u b s t i t u t i n g  t h e  r e s u l t a n t  
equation i n  ( 2 )  and s o l v i n g  f o r  R gives  t h e  range equa t ion  
( 4 )  
( 5 )  
2 . 1 . 4 . 2  Sepa ra t e  Transmitter-Receiver S t a t i o n s  
The range f o r  t h e  s e p a r a t e  r e c e i v e r - t r a n s m i t t e r  s t a t i o n s  may be 
determined by us ing  t y p i c a l  va lues  found w i t h  t h e  p r e s e n t  experimental  
systems and t h e  t r a n s m i t t e r  e s t ima tes .  From experience we e s t i m a t e  a good 
s i g n a l - t o - n o i s e  v o l t a g e  r a t i o  i s  1O:l. The o t h e r  parameters are 
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-4 P = 10 w a t t  T 
-4 8 = 4 . 5  x 10 r a d i a n  
E2 = 0.3 
E l  = 0 . 5  
D = 0.2 m 
C 
-2 Q = 5 x 1 0  
hv = 3 . 1  x lo-'' j o u l e  
f o r  which R = 19 k i lome te r s  (12 mi les )  . 
2.1.4.3 R e t r o r e f l e c t o r  Case 
When a r e t r o r e f l e c t o r  is  t h e  t a r g e t ,  t h e  d i f f e r e n c e  between t h a t  
case and the  previous c a s e  i s  t h a t  t h e  range i s  reduced by t h e  r a t i o  of t h e  
r e t r o r e f l e c t o r  diameter t o  c o l l e c t i n g  o p t i c s  d iameter ;  providing t h e  o p t i c s  
diameter i s  g r e a t e r  than twice t h e  r e t r o r e f l e c t o r  d iameter .  Using a 2 1 /2  
inch  diameter r e t r o r e f l e c t o r  and s i n c e  t h e  o p t i c s  diameter is  8 inches ,  t h e  
range i s  reduced by a f a c t o r  3 : l .  The range then becomes 6 k i lome te r s  o r  
3 3/4  miles. This provides  f o r  a t o t a l  a tmospheric  t r ansmiss ion  p a t h  f o r  
e v a l u a t i o n  of 7 1 / 2  miles.  A g r e a t e r  range and, hence, more margin f o r  
e r r o r  i n  t h i s  e s t i m a t e  is  d e s i r a b l e ,  e s p e c i a l l y  when cons ide r ing  t h e  s i g n a l -  
t o -no i se  dynamic range r e q u i r e d  i n  t h e  AGC c i r c u i t r y .  However, w e  b e l i e v e  
w i t h  c a r e f u l  design the  demonstration experiments can be performed s a t i s f a c -  
t o r i l y .  
2 .1 .4 .4  Servo Tracking Sys t e m  S e n s i t i v i t y  
I n  the s e r v o  t r a c k e r  noncoherent d e t e c t i o n  i s  used. This  form of 
d e t e c t i o n  is poss ib l e  because even i n  the  presence of s e v e r e  background 
r a d i a t i o n  t h e  cumulative e f f e c t s  of narrow o p t i c a l  bandwidth, narrow f i e l d  
of view and a narrow e l e c t r i c a l  bandwidth a l low o p e r a t i o n  i n  a noncoherent 
mode. T o  show t h i s ,  t he  power r e f l e c t e d  by a s u n l i t  cloud i n  a 10 A band 
f o r  a 1 m i l l i r a d i a n  f i e l d  of view and c o l l e c t e d  by 8 - inch  diameter  o p t i c s  is  
( u s i n g  E q .  (48) and Table I1 from Reference 2) : 
0 
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Using Eq.  (1) f o r  t h e  r e t r o r e f l e c t o r  case  and s i n c e  t h e  v a l u e  of E is  
3 x 10 ; i . e . ,  i n  t h e  p o s i t i o n  s i g n a l  pickoff  w e  have allowed 10  pe rcen t  
1 -2 
U 
1 f o r  t h i s  func t ion ,  t h e  t ransmission of 10 A f i l t e r  is  30 pe rcen t  thus  E 
is  3 x 10 -2  , t h e  va lue  of Ps is given by 
P = 1 . 6 5  x lo-'  w a t t  . 
S 
The s i g n a l - t o - n o i s e  r a t i o  f o r  t h e  noncoherent case i s  i 
N J  2hvAf Ps + PB 
We a r e  i n t e r e s t e d  p r i m a r i l y  i n  t h e  value of N i n  order  t o  determine t h e  
t r a c k i n g  a c c u r a c i e s  ob ta inab le .  Solving E q s .  (l), ( 2 ) ,  and ( 3 )  ' a s  be fo re  
and s u b s t i t u t i n g  f o r  P -  i n  Eq.  ( 6 )  gives an expression t h a t  may be w r i t t e n  
I 
I 
S 
as I 
I 
(Th i s  form is  used t o  show t h e  e f f e c t  of background i n  reducing N . )  
va lues  f o r  s u b s t i t u t i o n  a r e  f o r  t h e  r e t r o r e f l e c t o r  case: 
The I 
D = 6 . 2 5  x 10-2m 
R = 6 x l O m  
8 = 4 . 5  x 10 r ad ian  
Q = 5 x 
C 
3 
-4 
(7) 
-2 = 7 x 1 0  €1 
-4 PT = 10 w a t t  
2 1  
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hv = 3.1  x 10-19joule 
A€ = 10 c / s .  
The c a l c u l a t e d  value of N i s  2500 which w i l l  be adequate f o r  t r a c k i n g  s i n c e  
the  accuracy requi red  i s  about 0 .1  m r  o u t  of less than 1 m r .  
2 .1 .5  Conclus i o n s  
In  t h e  experimental  program desc r ibed  i n  t h i s  s e c t i o n  w e  have bo th  
t e s t e d  and developed a s u i t a b l e  wide a p e r t u r e  o p t i c a l  system f o r  an o p t i c a l  
superheterodyne r e c e i v e r .  Operation of t h i s  system i n  t h e  f i e l d  under a 
v a r i e t y  of r e a l  atmospheric cond i t ions  has  l e d  us t o  the  fo l lowing  conc lus ions :  
1) Coherent l a s e r  systems are p r a c t i c a l  and can be  operated w i t h  rea- 
sonable e f f i c i e n c y  over long atmospheric pa ths .  
2 )  Coherent systems behave i n  a p r e d i c t a b l e  manner. 
3)  System design and performance w i l l  be l i m i t e d  by atmospheric 
pr  opa ga t ion  e f f ec  t s . 
4 )  There is  i n s u f f i c i e n t  atmospheric d a t a  and experiments t o  
design a n  optimum coherent  system f o r  p a r t i c u l a r  a p p l i c a t i o n s .  
5) There i s  a need f o r  f u r t h e r  technique work t o  mimimize t h e  
e f f e c t s  of t h e  atmosphere on system performance. 
2 . 2  DOPPLER FREQUENCY TRACKING STUDY 
2 . 2 . 1  Doppler S h i f t  Considerat ions 
R e l a t i v e  motion between a t r a n s m i t t e r  and r e c e i v e r  o r  r e l a t i v e  motion 
between a t r a n s m i t t e r - r e c e i v e r  combination and a r e t r o r e f l e c t o r  w i l l  produce 
a doppler frequency s h i f t .  A t  o p t i c a l  f r equenc ie s  t h i s  corresponds t o  a 
frequency s h i f t  of about 1 Mc/s f o r  a v e c t o r  v e l o c i t y  of one f o o t  per  s ec -  
ond. In  an extreme c a s e  where two s a t e l l i t e s  a r e  t r a v e l i n g  i n  oppos i t e  
d i r e c t i o n s  t h e  r e l a t i v e  v e l o c i t y  could be as h i g h  as 10 miles/second.  This  
corresponds t o  a doppler s h i f t  of 50 Gc/s. Consider ing t h a t  i n  a super -  
heterodyne r ece ive r  t h e  b e a t  frequency between t h e  d e s i r e d  s i g n a l  and t h e  
l o c a l  o s c i l l a t o r  must f a l l  w i t h i n  the  bandwidth of t h e  narrowest  i n t e rmed ia t e  
frequency a m p l i f i e r ,  an au tomat i ca l ly  tuned r e c e i v e r  i s  r e q u i r e d .  For maximum 
22 
F-4065-1 
c 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
1 
I 
s e n s i t i v i t y  t h e  bandwidth of the  f i n a l  I F  a m p l i f i e r  i s  t h e  information band- 
width r equ i r ed  f o r  t he  system. For high q u a l i t y  s t anda rd  t e l e v i s i o n  t h i s  
bandwidth @ i s  10 Mc/s. 
20 Gc/s is  the  u l t i m a t e  g o a l  f o r  a superheterodyne r e c e i v e r  u s e f u l  i n  space  
communications. 
This bandwidth w i t h  a doppler frequency coverage of 
Important c o n s i d e r a t i o n s  f o r  the development of a s e n s i t i v e  r e c e i v e r  
inc lude  t h e  d e t e c t o r ,  o p t i c a l  l o c a l  o s c i l l a t o r ,  frequency t r a n s l a t o r ,  and 
frequency t r ack ing .  
When t h e r e  is  no r e l a t i v e  motion between t h e  r e c e i v e r  and t r a n s m i t t e r  
t h e r e  w i l l  be no doppler s h i f t .  If both t h e  laser l o c a l  o s c i l l a t o r  and 
laser t r a n s m i t t e r  a r e  a t  t h e  same frequency, the ou tpu t  of the pho tode tec to r  
w i l l  be s i g n a l  modulation. In  order  t o  u t i l i z e  t h e  advantages of i n t e r -  
mediate frequency a m p l i f i c a t i o n  an o f f s e t  between t h e  l o c a l  o s c i l l a t o r  and 
received s i g n a l  i s  necessary.  Consider t h e  laser t r a n s m i t t e r  t o  be a t  a 
frequency f L  and the  l o c a l  o s c i l l a t o r  of t h e  r e c e i v e r  t o  be a t  f 
where f T  i s  t h e  frequency t r a n s l a t i o n .  
a t  t he  d i f f e r e n c e  frequency fpM given by t h e  r e l a t i o n  
+ f T  L 
The photomixer frequency response 
f o r  t he  c l o s i n g  case ,  and 
f o r  t h e  r eced ing  case, where f is the doppler s h i f t  due t o  t h e  r e l a t i v e  ve lo -  
c i t y  between t h e  t r a n s m i t t e r  and the  r e c e i v e r .  For a downward frequency t r a n s -  
l a t i o n  t h e  c l o s i n g  and r eced ing  cases  a r e  interchanged. 
D 
I f  cont inuously v a r i a b l e  o p t i c a l  frequency t r a n s l a t i o n  were used then 
t h e  v a l u e  of f T  i n  Eqs. ( 9 )  and (11) would have t o  be c o n t r o l l e d  t o  keep 
( fPM)c  Or (fPM) a t  t h e  frequency of t h e  fol lowing IF  a m p l i f i e r .  Inves t iga -  r 
2 3  
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t i o n s  of wideband o p t i c a l  frequency t r a n s l a t o r s  over  s e v e r a l  Gc/s i n d i c a t e  
t h a t  because of t h e  power requirements  imposed by the  a s s o c i a t e d  wideband 
e l e c t r i c a l  modulator i t  i s  p r e s e n t l y  more p r a c t i c a l  t o  cons ider  o p t i c a l  fre- 
quency t r a n s l a t o r s  only f o r  f i x e d  o f f s e t s  and n o t  as a means of  provid ing  a 
cont inuous ly  v a r i a b l e  o p t i c a l  source.  It was thus concluded that  t o  provide 
continuous doppler t r ack ing  a tunable  laser o r  a second frequency conversion 
u s i n g  a v a r i a b l e  RF l o c a l  o s c i l l a t o r  would be p r e f e r r e d .  
c luded t h a t  o p t i c a l  f requency t r a n s l a t i o n  us ing  e l e c t r o - o p t i c  modulation 
techniques can be u t i l i z e d  b e s t  f o r  a f ixed  t r a n s l a t i o n .  
o f f s e t s  would be used i n  a bandswitched r e c e i v e r  where bandswitching i s  re- 
qu i r ed  t o  p l ace  t h e  doppler  s h i f t e d  o p t i c a l  b e a t  frequency w i t h i n  the  photo- 
mixer bandwidth. Furthermore because of t h e  l a c k  of a tunable  s t a b l e  laser 
l o c a l  o s c i l l a t o r ,  doppler  frequency t r ack ing  i n  an a u t o m a t i c a l l y  tuned RF 
r e c e i v e r  is  p re fe r r ed  a t  p r e s e t .  When an RF mixer fo l lows  t h e  o p t i c a l  mixer 
the  mixed frequency outputs  f are 
* 
It was a l s o  con- 
The f i x e d  frequency 
m 
where f i s  the RF l o c a l  o s c i l l a t o r  frequency. I n  o rde r  t o  g e t  a maximum l o  
u s e f u l  range of f 
chosen a s  the  des i red  I F  frequency, and the  l o c a l  o s c i l l a t o r  is  made l a r g e r  
than fpM. 
quency, t he  l o c a l  o s c i l l a t o r  and the  photomixer output .  I f  any of t hese  
s i g n a l s  e n t e r  the I F  a m p l i f i e r  they r e p r e s e n t  f a l s e  s i g n a l s  t h a t  must be 
r e j e c t e d  i n  order t o  e l i m i n a t e  ambigui t ies  i n  the  frequency t r ack ing .  The 
e a s i e s t  way t o  avoid t h i s  complicat ion i s  to r e q u i r e  that  these  f r equenc ie s  
never e n t e r  t he  I F  a m p l i f i e r .  These requirements  are  
and t o  avoid ambigui t ies  t h e  d i f f e r e n c e  frequency is  PM 
The undesired ou tpu t s  of t h e  mixer a r e  the  sum o r  image f r e -  
image 2 f i - f  + a f i - f  f 
f > f  + -  f ~ o  - i - f  2 
* 
See foo tno te  on page 3 .  
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The d i f f e r e n c e  i n  the  lower l i m i t s  on f pM and f image as compared t o  
a r e  due t o  the  modulation sidebands p r e s e n t  on f and fpM. Since  l o  image 
the  image frequency and the  l o c a l  o s c i l l a t o r  f requency are g r e a t e r  than the 
pho tomul t ip l i e r  ou tput  s i g n a l ,  Eq. (15)  r e p r e s e n t s  t he  p r i n c i p a l  r e q u i r e -  
ment. The minimum allowed va lue  of f i s  PM 
The d i r e c t i o n  of frequency t r a n s l a t i o n  was s e l e c t e d  t o  be upward f o r  t h i s  
a n a l y s i s .  Thus, w i t h  i n c r e a s i n g  doppler t h e  pho tomul t ip l i e r  ou tpu t  in -  
c r e a s e s  i n  frequency f o r  t he  receding  case  and decreases i n  f requency f o r  
the  approaching case  as shown i n  Eqs. ( 9 )  and (11). Consequently, t he  
receding  case is  l i m i t e d  by the  photomul t ip l ie r  upper  bandwidth c u t o f f  and 
t h e  c l o s i n g  case i s  l i m i t e d  by the  s e l e c t i o n  of t h e  I F  a m p l i f i e r .  This  
s i t u a t i o n  would be reversed  i f  a downward frequency t r a n s l a t i o n  were chosen. 
The equat ions  f o r  the  l o c a l  o s c i l l a t o r  f requency are 
The c l o s i n g  case image f r equenc ie s  a r e  
which reduces upon s u b s t i t u t i o n  of Eq. (17)  i n t o  (19) t o  
S i m i l a r l y  the  receding  case image f requencies  are 
F-4065-1 
The equation f o r  t h e  pho tomul t ip l i e r  ou tpu t ,  irnage,and l o c a l  o s c i l l a -  
t o r  f r equenc ie s  are  shown p l o t t e d  i n  F igu re  8. 
s i g n a l s  e n t e r  the in t e rmed ia t e  frequency amplif  ier. 
l a r g e r  than t h e  maximum doppler frequency ( f  ) i s  a l s o  d i c t a t e d  by the 
requirement t h a t  no ambigu i t i e s  ever  be p r e s e n t  a t  t h e  I F  f r equenc ie s  and 
t h a t  t h e  system ope ra t e  down t o  z e r o  doppler frequency. 
f then i n  progression f 
bandw i d  t h .  
As r e q u i r e d  no spur ious  
The cho ice  making f T  
max D 
For, as fD  approaches 
are allowed t o  e n t e r  t h e  IF  PM’ f l o  and fimage T 
If a downward frequency t r a n s l a t i o n  had been chosen then t h e  r eced ing  
and c l o s i n g  cases  would be interchanged, t h e  magnitude of fT  would be  l a r g e r  
I than ( f D )  al though f L  - fT  would be less than f L  - fD.  
max 
A numerical example a p p l i c a b l e  t o  t h e  system desc r ibed  is  informat ive .  
The photodetector  f o r  t h i s  system i s  t h e  RCA type  C70045C. This  tube  i s  a 
c e n t r a l  e l e c t r o d e  type pho tomul t ip l i e r  w i t h  a S-20 s u r f a c e  and a s i g n a l  
r i s e  t i m e  of 0 . 5  nanosecond. The measured 3 frequency response of t h e  tube  
i s  0 t o  1 Gc/s. 
Spec t r a  Physics Model 119. When t h e  laser i s  s t a b i l i z e d  t o  i t s  ga in  curve 
i t  has  a long-term s t a b i l i t y  of b e t t e r  than 1 p a r t  i n  10 . It has a tunab le  
range of about 1 Gc/s. If t h e  l o c a l  o s c i l l a t o r  were o f f s e t  from t h e  t r a n s -  
m i t t e r  l a s e r  by 500 Mc/s and t h e  I F  a m p l i f i e r  i s  10  Mc/s wide a t  30 Mc/s, 
then t h e  doppler coverage i n  one d i r e c t i o n  would be  460 Mc/s and 500 Mc/s 
i n  t h e  o t h e r  d i r e c t  ion.  
The l a s e r  l o c a l  o s c i l l a t o r  would be t h e  s i n g l e  frequency 
8 
The doppler frequency coverage of a s i n g l e  t r a n s l a t i o n  i s  determined 
by t h e  amount of frequency t r a n s l a t i o n .  
both receding and c l o s i n g  t a r g e t s  then a t r a n s l a t i o n  as desc r ibed  i n  F igu re  
8 i s  a p p l i c a b l e .  
c l o s i n g  cases  could be doubled i f  on ly  one type  of coverage were necessary.  
Also if both upward and downward frequency t r a n s l a t i o n  were used depending 
upon whether t he  t a r g e t  i s  c l o s i n g  o r  receding ,  t h e  double coverage could 
be instrumented by a p p r o p r i a t e  swi t ch ing  of t h e  frequency t r a n s l a t i o n  
d i r e c t  ion.  
If equa l  coverage i s  d e s i r e d  f o r  
The doppler frequency coverage f o r  e i ther  r eced ing  o r  
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/ - IMAGE FREQUENCY OUTPUT OF RF MIXER 11-1-0058 
RF LOCAL OSCILLATOR OUTPUT 
FOR RECEDING CASE -(flo)r 
PHOTOMIXER OUTPUT 
FOR RECEDING CASE -(fpM), 
IMAGE FREQUENCY OUTPUT 
OF RF MIXER FOR CLOSING CASE -(f. ) image c 
RF LOCAL OSCILLATOR OUTPUT 
FOR CLOSING CASE (f. ) 
1 0  c 
\ PHOTOMIXER OUTPUT 
FOR CLOSING CASE (fpM)c Y 
(fD)rnax 
DOPPLER FREQUENCY - fD 
Figure 8. RF Mixer Output Versus Doppler Shift Frequency. 
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Obviously t h e r e  are many combinations of coverage that  could be 
u t i l i z e d .  The only r e s t r i c t i o n s  on any of t he  many a l t e r n a t i v e s  are t h e  
upper l i m i t  of  photomult ipl ier  response and the  n e c e s s i t y  t o  keep t h e  image, 
photomult ipl ier ,and l o c a l  o s c i l l a t o r  s i g n a l s  o u t  of t h e  IF  bandwidth. 
low doppler and thus low frequency coverage were e l imina ted ,  t h e r e  would be 
no need f o r  any frequency t r a n s l a t i o n  when the  doppler s i g n a l  l i e s  w i t h i n  
the  pho tomul t ip l i e r  bandwidth. Schemes where t h e  IF  a m p l i f i e r  frequency 
l i e s  i n  the  middle of t he  doppler range could be instrumented i f  e l a b o r a t e  
switching were used t o  change t h e  IF  as undesired components, approached t h e  
in t e rmed ia t e  frequency bandpass. 
I f  
I f  the  o p t i c a l  b e a t  frequency i n c r e a s e s  beyond the photomixer response 
then a f ixed  t r a n s l a t i o n  can be used t o  b r i n g  t h e  new doppler spectrum 
range i n  t o  t h e  bandwidth of t h e  pho tomul t ip l i e r .  This i s  i l l u s t r a t e d  i n  
Figure 9. Control of t he  bandswitching would be determined i n  p a r t  by 
measuring t h e  value and s l o p e  of flo. 
o s c i l l a t o r  i s  vol tage  tunable.  
This i s  e a s i l y  done s i n c e  the  l o c a l  
2 . 2 . 2  Considerations f o r  Design of Frequency Trackinp Loop 
2 . 2 . 2 . 1  Typical  Loop Desc r ip t ion  
The frequency t r a c k i n g  loop provides  t h e  automatic  tun ing  t o  keep 
the  d i f f e r e n c e  frequency c o n s t a n t  a t  t h e  in t e rmed ia t e  frequency as the  
doppler frequency changes. Eventual ly  t h e  t r a c k i n g  loop  should provide 
sea rch  and a c q u i s i t i o n  c a p a b i l i t i e s  s i n c e  momentary o r  prolonged d i s r u p t i o n  
of the  o p t i c a l  l i n k  could occur. 
The t r ack ing  mode of o p e r a t i o n  of a p o s s i b l e  AFC i s  shown i n  
Figure 10. The laser s i g n a l  con ta in ing  t h e  doppler s h i f t  i s  mixed w i t h  t h e  
o p t i c a l  l o c a l  o s c i l l a t o r  s i g n a l  i n  t h e  photomixer. The o u t p u t  of t h e  
d e t e c t o r  con ta ins  the  doppler frequency. A s  d i scussed  p r e v i o u s l y  t h e  o p t i -  
c a l  l o c a l  o s c i l l a t o r  i s  o f f s e t  from t h e  t r a n s m i t t e r  laser frequency. To 
inc rease  t h e  doppler coverage o t h e r  t r a n s l a t o r s  are shown. The o u t p u t  of 
the  photomult ipl ier  i s  a s i g n a l  of v a r i a b l e  frequency ( f o r  an a c c e l e r a t i n g  
t a r g e t )  contained between the  l i m i t s  of o p e r a t i o n  of t h e  d e t e c t o r .  The 
s i g n a l  i s  mixed i n  t he  RF mixer w i t h  t h e  ou tpu t  of a v o l t a g e - c o n t r o l l e d  
osc i l l a  t o r .  
I 
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Due. to  the  c losed- loop  opera t ion  an e r r o r  signal i s  developed a t  
the d is  cr imina t o r  which keeps the d i f f e r e n c e  f r equency between the two 
s i g n a l s  a t  a c o n s t a n t  IF value.  The bandwidth of t h e  AFC loop  is  chosen 
a t  t h e  minimum value  c o n s i s t e n t  w i t h  the expected rates of  change of f r e -  
quency. This  i n su res  a r e l a t i v e l y  high s i g n a l - t o - n o i s e  r a t i o .  For t h i s  
reason,  a narrow bandpass f i l t e r  is  used. The d i s c r i m i n a t o r  ou tpu t  is in -  
t eg ra t ed  t o  provide v e l o c i t y  memory and a l s o  a s u i t a b l e  command v o l t a g e  f o r  
the  sweep o s c i l l a t o r .  
A s  t he  sweep o s c i l l a t o r  reaches a p r e s e t  frequency, p rov i s ion  i s  
made t o  swi t ch  t h e  frequency t r a n s l a t o r .  This func t ion  is achieved by the 
bandswitch c o n t r o l .  
In  case  of loss of o p t i c a l  r e t u r n ,  the  c o a s t i n g  mode takes  over .  
In essence,  i t  c o n s i s t s  of a l i n e a r  e x t r a p o l a t i o n  of t h e  frequency ve r sus  
time curve over  a l i m i t e d  t i m e  i n t e r v a l  as determined by t h e  a v a i l a b l e  AFC 
loop bandwidth and the  a c t u a l  parameters of  t h e  t a r g e t .  The ope ra t ion  of 
t he  loop  i s  as fo l lows:  t he  loss of o p t i c a l  s i g n a l  opens a g a t e  t o  i n t e g r a t e  
the  s i g n a l  s t o r e d  i n  the  a c c e l e r a t i o n  memory, t h i s  is  added t o  t h e  v e l o c i t y  
information,  thus provid ing  a l i n e a r  conLinuation iur t h e  coiiii-i~end voltage 
of the  sweep o s c i l l a t o r .  
c o a s t i n g  per iod ,  t he  d i sc r imina to r  ou tput  c l o s e s  t h e  g a t e  and normal t r ack -  
ing  ope ra t ion  i s  resumed. An a n a l y s i s  of t h e  maximum c o a s t i n g  t i m e  i s  
presented  i n  Appendix A. 
I n  c a s e  of  r e t u r n  of o p t i c a l  s i g n a l  du r ing  the  
I f ,  however, no locking  i s  achieved dur ing  t h e  p r e s e t  c o a s t i n g  
time, t he  s e a r c h  func t ion  sets in .  In the  sea rch  mode, t h e  c o a s t i n g  i s  
cont inued b u t  superimposed on i t  i s  a growing ampli tude c o n s t a n t  s l o p e  
s e a r c h  p a t t e r n .  The ampli tude of the s e a r c h  p a t t e r n  i s  determined such as 
t o  cope w i t h  even tua l  a c c e l e r a t i o n  v a r i a t i o n s  of t h e  t a r g e t  du r ing  t h e  
sea rch ing  per iod .  The sea rch  genera tor  is  i n i t i a t e d  by a s i g n a l  marking t h e  
end of the c o a s t i n g  per iod ,  given by t h e  v a r i a b l e  t i m e  i n t e r v a l  gene ra to r .  
This  a l s o  opens the  g a t e  f o r  t h e  search  s i g n a l  and t r i g g e r s  a one-second 
t imer .  When the  s i g n a l  i s  reacquired,  t he  d i sc r imina to r  c l o s e s  the  g a t e  
f o r  t he  s e a r c h  s i g n a l .  However, if the  s i g n a l  is n o t  reacqui red  dur ing  
the  one-second t i m e  i n t e r v a l ,  t he  search  is  i n t e r r u p t e d  because the  acqui -  
s i t i o n  c a p a b i l i t i e s  of t he  sea rch  loop are exceeded. An a n a l y s i s  of t he  
s e a r c h  f u n c t i o n  i s  given i n  Appendix A. 
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2.2.2.2 Frequency Trans l a t o r  Bandswitching 
The o p t i c a l  l o c a l  o s c i l l a t o r  f requency i s  t r a n s l a t e d  when t h e  doppler  
frequency reaches a va lue  near  ei ther extreme of t h e  range of coverage f o r  
a given t r a n s l a t i o n .  The lowest range given i n  S e c t i o n  2 .2 .1  was i l l u s t r a t e d  
i n  Figure 10. In  t h i s  example f o r  r eced ing  t a r g e t s  w i t h  i n c r e a s i n g  doppler  
f r equenc ie s  the  swi t ch ing  p o i n t  is determined by t h e  photomixer c u t o f f  
frequency. For c l o s i n g  t a r g e t s  w i t h  i n c r e a s i n g  doppler f r equenc ie s  t h e  
l i m i t  was determined by t h e  choice of t h e  I F  bandwidth and frequency. It  
was a l s o  noted t h a t  t h e  f r equenc ie s  could be determined by measurement of 
t h e  v o l t a g e  c o n t r o l l i n g  the  RF l o c a l  o s c i l l a t o r .  F igu re  9 shows t h e  o u t p u t  
of t he  photomixer as a r e s u l t  of a second frequency t r a n s l a t i o n  demanded 
by i n c r e a s i n g  doppler frequency f o r  bo th  c l o s i n g  and r eced ing  t a r g e t s .  I n  
t h i s  f i g u r e  t h e  r eced ing  t a r g e t  coverage was n o t  allowed t o  extend t o  t h e  
upper l i m i t  of  t he  pho tomul t ip l i e r  i n  o rde r  t o  permit  t h e  r eced ing  and 
c l o s i n g  t a r g e t  frequency t r a n s l a t i o n s  t o  be  t h e  same. The upper l i m i t  of 
t he  intermediate  frequency r e s t r i c t i o n  and t h e  corresponding gap between 
t h e  upper l i m i t  f o r  r eced ing  t a r g e t s  has  been exaggerated i n  t h e  f i g u r e .  
Actua l ly ,  f if + Afif  may be about 40 Mc/s, and t h e  value of fT  would 
be about 500 Mc/s. Thus, on ly  about  10 p e r c e n t  of t h e  bandwidth of a 
pho tomul t ip l i e r  responding from 0-1 Gc/s i s  n o t  used. In  F i g u r e  9 t h e  
doppler frequency i s  shown i n c r e a s i n g  l i n e a r l y  w i t h  t i m e .  I n  r e a l i t y  t h e r e  
can be f l u c t u a t i o n s  occur r ing  a t  bandswitching p o i n t s .  Overlapping of 
band coverage can e l i m i n a t e  t h i s  d i f f i c u l t y  . 
2.2.2.3 Loop Bandwidth 
The AFC loop  bandwidth is  determined by t h e  maximum rate-of-change 
of the  i n p u t  frequency expected. For i n s t a n c e ,  t h e  maximum frequency devia-  
t i o n  r a t e  due t o  t h e  d r i f t  of a s i n g l e  frequency l a s e r  such as t h e  S p e c t r a  
Physics Model 119 has  been e s t ima ted  by S p e c t r a  
I f  t he  e r r o r  was r e q u i r e d  t o  be h a l f  of t h e  AFC loop  bandwidth of Af 
than the  necessary loop bandwidth (ga in -c rossove r  frequency) would be 
2 Physics t o  be lo8 c / s  . 
c /2 
C 
. A f  
A f - 2  
f - - -  
C 
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which f o r  
8 2 i = 10 c/s  
3 Af = 5.7 x 10 c / s  . 
C 
In a similar f a sh ion  t h e  bandwidth necessa ry  t o  accommodate t h e  
r a t e  of change of t he  received s i g n a l  frequency due t o  r e l a t i v e  motion 
between t h e  system end p o i n t s  can be c a l c u l a t e d .  
missile being launched s t r a i g h t  up from a launch pad a t  a c e r t a i n  d i s t a n c e  
from t h e  t r a c k e r ,  t he  maximum rate-of-change of doppler occurs a t  an e l eva -  
t i o n  of 7r/4 r a d i a n s  and i s  p ropor t iona l  t o  t h e @  times t h e  missile accele- 
r a t i o n .  
doppler r a t e  of change is  approximately 150 Mc/s . To t r a c k  t h i s  ra te  of 
change i n  frequency on t h e  incoming s i g n a l  t h e  bandwidth must be  6.7 kc.  
For a mission such as a 
2 For a missile undergoing an a c c e l e r a t i o n  of 100 f t / s  t h e  maximum 
2 
The accuracy w i t h  which t h e  AFC loop  can o p e r a t e  w i l l  be a f u n c t i o n  
of t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  d i s c r i m i n a t o r  input .  The t r a c k i n g  
e r r o r  bf i n  the  loop bandwidth Afc i s  approximately 
c 
Af 
N bf = - iW 
where N i s  t h e  s i g n a l - t o - n o i s e  vol tage  r a t i o .  In  t h e  range c a l c u l a t i o n  a 
minimum va lue  of N has  been required t o  be 10 i n  a 4 Mc bandwidth. I f  Af 
i s  6 kc as c a l c u l a t e d  above, t h e  maximum t r a c k i n g  e r r o r  w i l l  be approximately 
bf = 23 C I S .  
C 
2.2.2.4 IF Amplif ier  and Automatic Gain Control  
The I F  a m p l i f i e r  must have a bandwidth adequate t o  pass  the  video 
information, and t h e  AGC c i r c u i t s  a s soc ia t ed  w i t h  i t  must have dynamic 
range and speed of response adequate t o  compensate f o r  t h e  changing s i g n a l  
amplitude as t h e  d i s t a n c e  between the o p e r a t i n g  s i t e s  v a r i e s  and t h e  i n t e r -  
vening atmosphere causes  f ades .  The t i m e  c o n s t a n t s  of the AGC are d e t e r -  
mined w i t h  t h e  s i g n a l  f ad ing  ra te  produced by atmospheric tu rbulence .  The 
performance of t h e  p r e s e n t  o p t i c a l  superheterodyne r e c e i v e r  over t he  long 
atmospheric pa ths  as  descr ibed i n  Sec t ion  2.1 has  led  t o  an i n i t i a l  
estimate of t h e  f a d i n g  and f ad ing  r a t e .  These obse rva t ions  i n d i c a t e  that  
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t h e  maximum average f ad ing  dynamic range i s  about  1O:l f o r  a day w i t h  s e v e r e  
atmospheric turbulence. Our estimate of t h e  maximum ra t e  l i e s  i n  a range 
between 100 and 500 c /s .  
f o r  t he  experiments g ive  t h e  p re l imina ry  design s p e c i f i c a t i o n s  f o r  t he  I F  
a m p l i f i e r  and the  AGC. 
These va lues  a long  w i t h  s igna l - r ange  c a l c u l a t i o n s  
2.2.3 Detectors 
2.2.3.1 Pho toemiss i v e  De tec to r s  
In  an o p t i c a l  superheterodyne r e c e i v e r  u s i n g  a photoemissive de- 
t e c t o r  t he  d e t e c t i o n  of t h e  b e a t  frequency i s  performed a t  t h e  photosurface.  
A t  low l i g h t  i n t e n s i t i e s  t h e  r e s u l t a n t  c u r r e n t s  are  small even when l a r g e  
l o c a l  o s c i l l a t o r  power i s  used. Maximum r e c e i v e r  s e n s i t i v i t y  is  obtained 
when t h e  s i g n a l - t o - n o i s e  r a t i o  P as given by Eq. 1 of Reference 2 so”no 
so Q pS P 
P - hvAf 
- - -  
no 
where 
(24) 
Q i s  t h e  quantum e f f i c i e n c y  
Ps i s  the  s i g n a l  power 
hv i s  t h e  energy per  photon 
Af i s  t he  e l e c t r i c a l  bandwidth. 
The s e n s i t i v i t y  expressed by Eq. (24) w i l l  be degraded i f  t he  
a m p l i f i c a t i o n  following t h e  photosurface d e t e c t i o n  process  in t roduces  a 
n o i s e  power g r e a t e r  than hvAf/Q. In  pho tomul t ip l i e r s  t h e  secondary emission 
a m p l i f i c a t i o n  introduces some no i se .  This a d d i t i o n a l  n o i s e  degrades t h e  
va lue  of Eq. (24) about one dB i n  well-designed and operated tubes .4  I n  
pho tomul t ip l i e r s  t h i s  “ n o i s e l e s s ”  a m p l i f i c a t i o n  i s  s u f f i c i e n t l y  l a r g e  t o  
e l i m i n a t e  f u r t h e r  s i g n a l - t o - n o i s e  degradat ion by t h e  a m p l i f i e r s  fol lowing 
the  tube output .  Present  day pho tomul t ip l i e r s  a r e  l i m i t e d  i n  frequency 
response t o  a t  most 1 Gc/s. Standard f a s t  r i s e  t i m e  tubes  have 3 dB c u t o f f  
f requencies  of about a hundred megacycles. Developmental models of f a s t e r  
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pho tomul t ip l i e r s  have been designed and cons t ruc t ed .  The o b j e c t i v e  of t h e  
developmental model RCA type C70045A i s  t o  produce a pho tomul t ip l i e r  whose 
ou tpu t  pu l se  r i s e  t i m e  i s  less than 0.5 nanosecond. This  r i s e  time co r re -  
sponds t o  a 3 dB c u t o f f  of 700 megacycles. T rave l ing  wave phototubes (TWP) 
respond t o  h igher  f r equenc ie s .  These tubes are a l s o  i n  t h e  developmental 
process .  
Attempts t o  inc lude  m u l t i p l i e r  s t a g e s  i n  t r a v e l i n g  wave phototubes 
are be ing  pursued by RCA under c o n t r a c t  w i th  the S igna l  Corps. Transmission 
secondary e l e c t r o n  m u l t i p l i c a t i o n  i s  used i n  these  tubes .  A fundamental 
d i f f i c u l t y  w i t h  these  m u l t i p l i e r s  is caused by burnout  due t o  excess ive  
photo c u r r e n t .  A major advantage of t he  o p t i c a l  superheterodyne technique 
i s  i t s  a b i l i t y  t o  d i s c r i m i n a t e  a g a i n s t  noncoherent l i g h t  background. To 
perform t h i s  d i sc r imina t ion  the  l o c a l  o s c i l l a t o r  power must be made l a r g e  
compared t o  background l e v e l s .  Local o s c i l l a t o r  powers of a t  l eas t  0 . 1  t o  
1 microwatt  w i l l  be r equ i r ed  f o r  good background d i s c r i m i n a t i o n .  For 
example s e e  Reference 6,  page 24 .  Present  TSEMs seem t o  be l i m i t e d  t o  
c u r r e n t  d e n s i t i e s  of about  1 t o  10 p / c m  . Using a S-20 s u r f a c e  and a 
l o c a l  o s c i l l a t o r  power of 1 microwatt of 6328 2 laser l i g h t  t h e  r e s u l t a n t  
c u r r e n t  i s  2 . 5  x 10 pa. Considering t h a t  i t  i s  d e s i r a b l e  t o  make the  
mixing a r e a  as small as p o s s i b l e  t o  reduce the  b e a t  c a n c e l l a t i o n  e f f e c t s  of 
s i g n a l  and l o c a l  o s c i l l a t o r  misalignment, c a r e  must be used i n  t h e  
a p p l i c a t i o n  of these  tubes t o  an o p t i c a l  superheterodyne r e c e i v e r .  The 
des ign  c r i t e r i o n  f o r  t hese  tubes when app l i ed  t o  t h e  o p t i c a l  superheterodyne 
r e c e i v e r  must inc lude  c o n s i d e r a t i o n  f o r  t he  l a r g e  l o c a l  o s c i l l a t o r  powers 
t h a t  a r e  r equ i r ed  f o r  background d i sc r imina t ion  c a p a b i l i t i e s .  
-2 
I f  t he  l o c a l  o s c i l l a t o r  power can be made l a r g e  enough then no 
TSEMs would be r equ i r ed  because of the heterodyne a m p l i f i c a t i o n  process .  
An added f e a t u r e  t o  the  e l imina t ion  of TSEMs would be the  increased  f r e -  
quency response  of t he  phototube. A t  the  p re sen t  t i m e  TSEMs have been 
shown t o  work o u t  t o  1.1 Gc/s. 7 
The c r i t e r i a  t o  determine the amount of l o c a l  o s c i l l a t o r  power 
r equ i r ed  should be that  the  a m p l i f i e r s  fo l lowing  the phototube should n o t  
degrade the  phototube n o i s e  f i g u r e .  I d e a l l y  the  n o i s e  f i g u r e  of a photo- 
tube should be equal  t o  1 / Q  where Q i s  the  quantum e f f i c i e n c y  of the  s u r f a c e .  
\ 
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Ac tua l ly  the  n o i s e  f i g u r e  is  given by t h e  expres s ion  
FkTh F 
de r ived  i n  Appendix D. 
The f i r s t  term i n  t h e  b racke t s  i e  u n i t y  and r e f e r s  t o  the n o i s e  
f i g u r e  of t he  photosurface i t s e l f .  
is the  r e c i p r o c a l  of t he  quantum e f f i c i e n c y .  The second term inc ludes  t h e  
e f f e c t s  of t h e  n o i s e  f i g u r e  of t h e  a m p l i f i e r  fol lowing t h e  phototube ou tpu t .  
This expression was used i n  Eq. (76) of Reference 2 t o  d e f i n e  t h e  r e q u i r e d  
load r e s i s t a n c e  va lue  f o r  phototube ope ra t ion .  Normally t h e  term RG Pr i n  
t h e  denominator should be made l a r g e  t o  make t h e  r e c e i v e r  o p e r a t i o n  l i m i t e d  
only by the  photosurface.  
t i o n s  then only P can be c o n t r o l l e d  independently t o  s e t  t h e  system n o i s e  
f i g u r e .  
Thus the n o i s e  f i g u r e  of a photosurface 
2 
2 When G and R are f i x e d  by o t h e r  des ign  considera-  
r 
Photomult ipl iers  
Photomult ipl iers  u s u a l l y  have G va lues  g r e a t e r  than 10 , thus  even 6 
when used wi th  50 t o  100 ohm loads  f o r  wideband ope ra t ion  the  n o i s e  of t h e  
fol lowing a m p l i f i e r  is  small. For example, cons ide r  t h e  type 7265 photo- 
m u l t i p l i e r .  Conservative parameters t h a t  can be  s u b s t i t u t e d  i n  Eq. (25)  
a r e  : 
F = 4  
T = 300°k 
k = 1.38 x 10-23joule/deg 
hu = 3 . 1  x 10-19joule f o r  6328 A wavelength 
0 
R = 50 ohms 
6 G = 10 
0 
Q = 0.05 a t  6328 A 
e = 1.6  x 10-19coulomb . 
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I S u b s t i t u t i n g  these  va lues  g ives  
2 . 5  x 
P r 
F 
o p t  
Thus f o r  l o c a l  o s c i l l a t o r  powers s u f f i c i e n t  t o  d i s c r i m i n a t e  a g a i n s t  back- 
ground n o i s e  I 
F = 20 
o p t  
which i s  t h e  n o i s e  f i g u r e  f o r  t he  p h o t o e l e c t r i c  s u r f a c e .  To improve on t h i s  
f i g u r e  b e t t e r  s u r f a c e s  would have t o  be found. Consequently p h o t o m u l t i p l i e r s  
n e g l e c t i n g  t h e  n o i s e  introduced by the secondary emission amplif  i c a t i o n  are  
l i m i t e d  on ly  by t h e  quantum e f f i c i e n c y  of t h e i r  photosurface.  
I 
t 
Trave l ing  Wave Phototubes 
Trave l ing  wave phototubes have been made t o  cover d i f f e r e n t  micro- 
wave bands. 
S p e c i a l  models' have been b u i l t  t o  cover f r equenc ie s  from 10 t o  20 G c .  
a d d i t i o n  image d i s s e c t o r  type TWP have also been cons t ruc t ed .  
P resen t   model^"^ are being b u i l t  mostly i n  t h e  1-4 G c  range. 
I n  
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I 
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I 
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I U  
The e q u i v a l e n t  ou tput  r e s i s t a n c e  of t r a v e l i n g  wave phototubes de- 
pends upon t h e  h e l i x  l eng th .  Data from Report No. 4, Figure 1 7  of Refer- 
ence 8 shows t h e  e q u i v a l e n t  ou tpu t  r e s i s t a n c e  f o r  a 2 inch  h e l i x  tube t o  be 
70 K ohms and f o r  an 8 inch  h e l i x  t o  be 300 K ohms. These measurements 
were made a t  3 G c .  
va lues  of n e a r l y  1 M ohm a t  t h i s  frequency. 
7 Other d a t a  from both Sylvania8 and RCA shows r e s i s t a n c e  
The o u t p u t  r e s i s t ance '  has  been shown t o  be independent of photo- 
c u r r e n t  a t  va lues  of s i g n a l  c u r r e n t  less than 10 @. This i s  t h e  range 
i n  which a superheterodyne r e c e i v e r  would ope ra t e .  
-2 0 
s i v i t y  of an S-20 s u r f a c e  i s  2 . 5  x 10 IJA/14J a t  6328 A .  The r m s  b e a t  
pho tocur ren t  i s  given by t h e  expression 
For example t h e  respon- 
- 
i S =pd- '  2PsPr . (27 )  
For t o  be g r e a t e r  than 10  pa t h e  va lue  of t he  r a d i c a l  would have t o  be 
S I 
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J 2PsPr > 400 m. 
This  is a much l a r g e r  b e a t  s i g n a l  than would be g e n e r a l l y  encountered a t  
the  s i g n a l  l e v e l s  w e  are cons ider ing .  Thus, over the ope ra t ion  range of 
c o n s i d e r a t i o n  the equ iva len t  ou tpu t  r e s i s t a n c e  of t he  t r a v e l i n g  wave photo- 
tube may be considered a c o n s t a n t  f o r  a given h e l i x  l eng th .  
Typical  values  may now be cons idered  f o r  e v a l u a t i n g  the  n o i s e  
f i g u r e  of a t r a v e l i n g  wave phototube. 
f o r  G and R) may be s u b s t i t u t e d  i n  Eq. (26 ) .  A conse rva t ive  estimate f o r  
R from Reference 8 Report  4 i s  200 K ohms. 
S band t r a v e l i n g  wave phototube a m p l i f i e r  is  4.  
parameters ,  Eq. (26) becomes upon s u b s t i t u t i o n  
The previous numerical  va lues  ( excep t  
The va lue  of F f o r  a low n o i s e  
Re ta in ing  Q, G and Pr as 
5 x 10 F 
The t r a v e l i n g  wave phototubes made by Sylvania  have no secondary 
emission ampl i f i ca t ion ,  thus G = 1. Figure  11 shows F p l o t t e d  as a 
func t ion  of l o c a l  o s c l l l a t o r  power f o r  S-20 and S - 1  s u r f a c e s .  Photo- 
m u l t i p l i e r s  have s-20, s-11 and s-1 s u r f a c e s  are a l s o  p l o t t e d  f o r  r e fe rence .  
The da ta  shows t h a t  t h i s  S-20 t r a v e l i n g  wave phototube w i l l  o p e r a t e  o p t i -  
ma l ly  when a l o c a l  o s c i l l a t o r  power of 0 .1  m w a t t  i s  
shows curves f o r  an S-20 t r a v e l i n g  wave phototube w i t h  one and two s t a g e s  
of m u l t i p l i c a t i o n .  Each m u l t i p l i e r  has  a ga in  of 4.  The f i g u r e  shows t h a t  
use  of TSEMs w i l l  r e l a x  the l o c a l  o s c i l l a t o r  power requirements .  
o p t  
used. F igure  12  
Unfortunately p r e s e n t  developmental  S-20 t r a v e l i n g  wave phototubes 
do no t  have su r faces  which achieve  the  f u l l  S-20 e f f i c i e n c y .  
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2 . 2 . 3 . 2  S o l i d  S t a t e  Photodiode Detectors  
Use of s o l i d  s t a t e  photodiodes '''12 as photomixers have been con- 
s i d e r e d .  
t he  a p p l i c a t i o n .  
12 1500 ohms a t  2 G c  t o  50 ohms a t  10 Gc, accord ing  t o  Anderson . This  i s  
w e l l  below the equ iva len t  ou tpu t  r e s i s t a n c e  of a t r a v e l i n g  wave phototube. 
A t  p r e s e n t  t he  t r a v e l i n g  wave phototube and consequent ly  the s o l i d  s t a t e  
photodiode r e q u i r e  a g r e a t e r  i n t e r n a l  n o i s e l e s s  ga in  even i n  t h e  heterodyne 
a p p l i c a t i o n  before  they become competi t ive w i t h  t h e  f a s t  r i s e  t i m e  photo- 
m u l t i p l i e r .  
These devices  as y e t  appear t o  l a c k  s u f f i c i e n t  i n t e r n a l  ga in  f o r  
The equ iva len t  resistances of t hese  d iodes  range  from 
2 . 2 . 4  Local O s c i l l a t o r  
2.2.4.1 Laser Source 
The laser l o c a l  o s c i l l a t o r  source should be n e a r l y  i d e n t i c a l  w i t h  
the  t r a n s m i t t e r  source.  Mul t i l ong i tud ina l  mode lasers e i t h e r  as a t r a n s -  
mi t t ed  o r  r e c e i v e r  l o c a l  o s c i l l a t o r  can n o t  be used. These lasers wi th  
t h e i r  mult i f requency ou tpu t s  would make t h e  doppler  t r a c k i n g  problem more 
seve re  because of the l a r g e  number of images that  would be produced. An 
a n a l y s i s  showing the  s p e c t r a l  conten t  of a coherent  laser sys tem u t i l i z i n g  
mult i f requency lasers, presented  i n  Appendix C, demonstrates  t h i s  com- 
p l e x i t y .  In  a d d i t i o n ,  w i th  mult i f requency,  laser a r e p e t i t i v e  s i g n a l  f ad ing  
cond i t ion  dependent upon range w i l l  produce a d d i t i o n a l  anomalies.  This  
phenomenon has  a l s o  been s t u d i e d  and the  d e t a i l s  p resented  i n  Appendix B. 
Consequently the  use  of a s i n g l e  frequency laser f o r  a l o c a l  o s c i l l a t o r  
source  i s  a n e c e s s i t y .  
The laser l o c a l  o s c i l l a t o r  no i se  and power requirements  are d i s -  
cussed i n  t h e  l i t e r a t u r e  . I d e a l l y  s u f f i c i e n t  monochromatic power should 
be a v a i l a b l e  t o  permit  d i sc r imina t ion  a g a i n s t  random n o i s e  producing 
sources  such  as r e f l e c t e d  o r  s c a t t e r e d  s u n l i g h t .  Also t h e  n o i s e  produced 
a t  t he  ou tpu t  of the  photomixer due t o  t h e  l o c a l  o s c i l l a t o r  should n o t  
exceed t h e  expected s h o t  n o i s e  l e v e l  f o r  t he  corresponding l o c a l  o s c i l l a t o r  
power. E x i s t i n g  s i n g l e  frequency l a s e r s  appa ren t ly  w i l l  be s a t i s f a c t o r y .  
A Spec t r a  Physics Model 119 laser has been eva lua ted  f o r  t h i s  purpose. 
2 
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The monochromatic power output  is  approximately 100 w. Ant ic ipa t ed  seve re  
background l eve l s  such as a b r i g h t  cloud should n o t  exceed 0.1pWin t h e  
sys tem descr ibed i n  Sec t ion  2.1. Measurements of the n o i s e  i n  a 4 Mc/s 
bandwidth f o r  the laser tes ted showed t h e  n o i s e  t o  be "white." The r m s  
va lue  of t h e  no i se  exceeded by 3 times t h e  minimum s l o t  n o i s e  l e v e l  ex- 
pec ta t ions  f o r  100 /.M of power. 
The s t a b i l i t y  of t h e  l o c a l  o s c i l l a t o r  i s  important .  The s p e c i f i c a -  
t i ons  on t h e  Model 119 s t a t e  t h a t  t he  long term s t a b i l i t y  f o r  a 2 l 0 C  ambient 
temperature change i s  2 75 Mc/day. 
curve by a servo t h e  s t a b i l i t y  becomes 9 5 Mc/day. 
I f  t h e  laser is  s t a b i l i z e d  t o  i t s  ga in  
Present  estimates made i n  p r i v a t e  communications between ou r se lves  
and Spec t ra  Physics has r e s u l t e d  i n  an estimate of t h e  sho r t - t e rm ra te  of * 8 2 change of frequency of 10 c/s . The p r e s e n t  des ign  of t h e  RF frequency 
t r ack ing  loop is based on t h i s  estimate. 
The l a s e r  i s  tunable  over a 1200 Mc range-v ia  a vo l t age  c o n t r o l l a b l e  
inpu t  a t  a r a t e  up t o  3 kc. 
i s  v a r i e d .  Thus t h i s  laser can be used t o  provide  a f i x e d  o f f s e t  from an- 
o the r  t r ansmi t t e r  laser o r  could even be used i n  a frequency t r a c k i n g  loop 
t o  cover a doppler range, of 1200 Mc or  more depending upon t h e  system 
format and photomul t ip l ie r  bandwidth. Use of a tunable  laser i n  the doppler  
frequency t r ack ing  a p p l i c a t i o n  depends upon the  eva lua t ion  of t h e  s h o r t  
term s t a b i l i t y  and t h e  r e s e t a b i l i t y  of t h e  laser.  
use  of the  tunable  RF system t o  compensate f o r  laser i n s t a b i l i t i e s  and a l s o  
f o r  doppler frequency t r ack ing  is p r e f e r r e d .  
The l eng th  of t he  c a v i t y  is  the  parameter t h a t  
U n t i l  t h i s  has  been done, 
2.2.4.2 Frequency T r a n s l a t o r s  
Eventual extended performance of  t h e  system by the inco rpora t ion  of 
an o p t i c a l  frequency t r a n s l a t o r  can be a n t i c i p a t e d .  These t r a n s l a t o r s  have 
the  p o t e n t i a l  of s h i f t i n g  t h e  laser frequency by a s i n g l e  s ideband suppressed 
c a r r i e r  modulation technique.  These t r a n s l a t o r s  have been c o n s t r u c t e d  and 
opera ted  a t  f requencies  of 30 kc / s  w i th  f u r t h e r  eng inee r ing  e f f o r t  t hey  cou ld  
be extended t o  a f requency coverage of 2 Gc/s. 
quency t r a n s l a t i o n  techniques has  been a n  out-growth of t h e  development of  a 
wideband phase modulator. 
S y l v a n i a l s  e f f o r t  i n  f r e -  
This  work i s  desc r ibed  in  the l i t e r a t u r e .  13 
See l a s t  paragraph on page 3 .  
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The frequency t r a n s l a t o r  has been developed under company sponsor- 
s h i p .  A forthcoming paper i n  "Applied Optics"  w i l l  d e s c r i b e  t h i s  device.  
During the  p a s t  year a company cons t ruc ted  device  was t r i e d  i n  the super-  
heterodyne r e c e i v e r  and s u c c e s s f u l l y  operated a t  30 kc/s .  Using t h e  same 
techniques t h i s  device  could be extended t o  about  4 Gc/s. 
For a s a t e l l i t e -  to-ground a p p l i c a t i o n ,  i f  w e  cons ider  that  the 
s a t e l l i t e  i s  t r a v e l i n g  w i t h  a l i n e a r  v e l o c i t y  of 24,000 f / s  the  maximum 
doppler  s h i f t  produced would be about 24 Gc/s f o r  a 6328 A laser s i g n a l .  
coverage of 2 4 Gc/s would correspond t o  an angular  coverage of about  
about  the  perpendicular  d i r e c t i o n  between the t r a c k i n g  s t a t i o n  and t h e  
s a t e l l i t e .  
0 
A 
0 10 
One l i m i t a t i o n  i n  a p p l i c a t i o n  is  the 100 watts of modulation power 
r equ i r ed  f o r  t h e  t r a n s l a t o r .  Although they may n o t  be a p p l i c a b l e  t o  a 
s a t e l l i t e  sys tem i t  should be noted t h a t  on ly  t h e  one end of a ground-to- 
space l i n k  need be s h i f t e d  i n  frequency t o  perform doppler  t r a c k i n g  of a 
s i g n a l .  Thus the  t r a n s l a t i o n  can be performed completely on t h e  ground 
where t h e r e  would be no power o r  weight l i m i t a t i o n .  
expect tz e x t e d  cur dnppler tracking techniques by development and wi thout  
t h e  n e c e s s i t y  of a breakthrough in  the technology of d e t e c t o r s  o r  materials. 
Consequently w e  would 
The frequency t r a n s l a t o r  j u s t  descr ibed  uses  two phase modulators 
i n  sequence, each dr iven  i n  such a manner t h a t  t h e  s idebands have d i f f e r i n g  
s t a t e s  of p o l a r i z a t i o n  s o  t h a t  t he  des i r ed  sideband can be selected and the  
o t h e r  s idebands suppressed by means o f  a p o l a r i z e r .  
These phase modulators use  KDP-type materials f o r  t he  e l e c t r o -  
o p t i c  element.  Because of t h e  p re fe r r ed  o r i e n t a t i o n  of t he  modulator 
c r y s t a l s  t h i s  f requency t r a n s l a t o r  device can be cons t ruc t ed  i n  the  t r a v e l -  
ing-wave conf igu ra t ion .  Thus w i d e  bandwidth ope ra t ion  i s  p o s s i b l e .  
This  frequency t r a n s l a t o r  is  shown i n  the  s k e t c h  of F igure  13 and 
the  photo of F igure  14. 
t e m  x ,  y, z throughout t he  frequency t r a n s l a t o r .  This  coord ina te  system i s  
n o t  a s s o c i a t e d  w i t h  the c r y s t a l  axes. The f i r s t  phase modulator c r y s t a l s  
are  o r i e n t e d  s o  t h a t  t he  o p t i c  a x i s ,  [ O O l ] ,  is  p a r a l l e l  t o  t h e  x d i r e c t i o n  
and the  [110]  c r y s t a l  d i r e c t i o n  i s  parallel  t o  the  y d i r e c t i o n .  The 
To avoid confusion w e  w i l l  use  the  coord ina te  sys -  
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c r y s t a l s  i n  the  second modulator are o r i e n t e d  so  t h a t  t h e  o p t i c  a x i s  i s  
p a r a l l e l  t o  the  y a x i s  of t h e  device and t h e  [110] d i r e c t i o n  i s  p a r a l l e l  
t o  t he  x a x i s  of t he  device.  I n  bo th  modulators, t h e  modulation e l e c t r i c  
f i e l d  is  appl ied  p a r a l l e l  t o  t h e  [OOl] a x i s .  
i s  maintained between the modulation v o l t a g e s  a p p l i e d  t o  t h e  two modulators. 
Thus the  f i r s t  modulator r e c e i v e s  a modulation v o l t a g e  s i n  P t  and t h e  
second modulator r e c e i v e s  a modulation v o l t a g e  cos P t .  
A phase d i f f e r e n c e  of 90' 
The l i g h t  t r a v e l s  p a r a l l e l  t o  t he  z coord ina te  w i t h  i t s  e l ec t r i c  
f i e l d  o r i e n t e d  a t  45' t o  t h e  x a x i s .  The e l ec t r i c  f i e l d  of t h e  l i g h t  can 
be considered t o  be composed of two components, one component p a r a l l e l  t o  
t h e  x a x i s  and the  o t h e r  component p a r a l l e l  t o  t h e  y. The f i r s t  modulator 
imparts a phase modulation t o  t h e  x component. However, because of t h e  
p h y s i c a l  cha rac t e r  i s  t i c s  of KDP- type c r y s t a l s  t h i s  f i r s t  modulator does 
n o t  impart  a s i g n i f i c a n t  amount of modulation t o  t h e  y component of t h e  
i n c i d e n t  l i g h t  because i t  is  p a r a l l e l  t o  the o p t i c  a x i s  of t h e  KDP c r y s t a l .  
The second modulator imparts a phase modulation t o  t h e  y component of t h e  
i n c i d e n t  l i g h t .  
modulator r ece ives  no modulation from the  second modulator because i t  i s  
p a r a l l e l  t o  t he  o p t i c  a x i s  of t h e  c r y s t a l .  
two components i s  t o  produce an a r r a y  of s idebands about  t he  carr ier  f r e -  
quency. Like frequency sidebands combine i n  t h e  ou tpu t  v e c t o r i a l l y .  Be-  
cause  of t he  phase d i f f e r e n c e  between t h e  modulation a p p l i e d  t o  t h e  two 
modulators t he re  is a unique phase r e l a t i o n s h i p  between t h e  two components 
which make up any one sideband. Hence, each sideband has a unique p o l a r i -  
z a t i o n .  
bands by passing t h e  ou tpu t  l i g h t  through an  a p p r o p r i a t e  p o l a r i z i n g  e le-  
men t . 
However, t h e  x component which was modulated by t h e  f i r s t  
The e f f e c t  of modulating t h e s e  
One p a r t i c u l a r  sideband can be s e l e c t e d  from t h i s  a r r a y  of s i d e -  
The output  of t h i s  frequency t r a n s l a t o r  c o n t a i n s  t h e  fol lowing 
frequency components: 
* 0 + 2p 
* + P  0 - 2p 
a - P  .... 
Except f o r  one important case, i t  i s  p o s s i b l e  t o  t o l e r a t e  s i g n i f i c a n t  
power i n  these  spurious frequency components. The g e n e r a l  e f f e c t  of spu r ious  
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frequency components i n  the  laser l o c a l  o s c i l l a t o r  s i g n a l  i s  t o  increase 
the photo c u r r e n t  i n  the  photodetector .  This  e f f e c t  i s  desc r ibed  i n  d e t a i l  
by Biernson and Lucy.2 
r e c e i v e r  is  descr ibed  by Eq. ( 5 3 )  of that  paper.  The s i g n a l  power a t  t h e  
ou tpu t  of t he  pho toce l l  is  def ined  as Ps. 
the  p h o t o c e l l  ou tpu t  c u r r e n t  is  def ined as Pn. 
t o  t h i s  n o i s e  term are def ined  i n  Table 3 of Biernson and Lucy. Under a 
reasonable  cond i t ion  of opera t ion  the major c o n s t i t u e n t  of t hese  n o i s e  
terms should be i t e m  4 i n  this  t a b l e ,  the " l o c a l  o s c i l l a t o r  s h o t  n o i s e  due 
t o  s idebands" i n  the l o c a l  o s c i l l a t o r  s i g n a l .  Under t h e s e  c o n d i t i o n s  t h e  
The s igna l - to -no i se  r a t i o  of an o p t i c a l  heterodyne 
The predominate n o i s e  term i n  
The va r ious  c o n t r i b u t i o n s  
s i g n a l - t o - n o i s e  a t  t he  ou tpu t  
2 
P s i  = 2 P  pspr -
P n i  2e(Pn + Pr)hf 
of the  p h o t o c e l l  can be w r i t t e n  as 
where w e  have s i m p l i f i e d  Eq. ( 5 3 )  somewhat. It can be seen  from t h i s  
equat ion  t h a t  i f  P 
signal-to-noise rat io  i s  degraded only by 3 dB from t h e  va lue  i t  would have 
under i d e a l  cond i t ions  where Pn is  equal  t o  0. 
i s  equal  t o  t h e  l o c a l  o s c i l l a t o r  s i g n a l  power Pry the n 
This means t h a t  from a s i g n a l - t o - n o i s e  r a t i o  s t andpo in t ,  a t  least ,  
a f requency t r a n s l a t o r  which has  s u b s t a n t i a l  ou tput  a t  spu r ious  f r equenc ie s  
can be used.  
For c e r t a i n  va lues  of the rece ived  frequency and the l o c a l  
o s c i l l a t o r  laser frequency, intermodulat ion products  between the  v a r i o u s  
frequency components i n  the  ou tpu t  of t he  frequency t r a n s l a t o r  can f a l l  
d i r e c t l y  wi th in  t h e  IF passband. Since t h e  l o c a l  o s c i l l a t o r  s i g n a l  is  
o r d i n a r i l y  between 10 and 100 times l a r g e r  than the  r ece ived  s i g n a l ,  t hese  
spu r ious  s i g n a l s  can be q u i t e  l a r g e  i n  amplitude.  This  s i t u a t i o n  is  most 
l i k e l y  t o  occur when t h e  frequency of t he  rece ived  s i g n a l  is  e x a c t l y  equal  
t o  the  frequency of t he  l o c a l  o s c i l l a t o r  l a s e r .  Under these  c o n d i t i o n s ,  
the  d r i v e  frequency f o r  t he  frequency t r a n s l a t o r  is j u s t  equal  t o  t h e  I F  
f requency.  In  order  t h a t  the  " c a r r i e r  leakage" of t h i s  d r i v e  frequency be 
s u f f i c i e n t l y  low t o  be undetec tab le  i n  the  IF a m p l i f i e r  i t  is necessary  
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f o r  t h i s  frequency component t o  be a t  least  40 dB below the l o c a l  o s c i l l a -  
t o r  s i g n a l .  
Our f i r s t  a p p l i c a t i o n  f o r  t h i s  frequency t r a n s l a t o r  was i n  a 
propagation experiment i n  which one laser w a s  used as t h e  sou rce  f o r  bo th  
t h e  l o c a l  o s c i l l a t o r  and the  t r ansmi t t ed  s i g n a l .  Here these  b e a t  products  
a r e  most troublesome and w e  found i t  most convenient t o  p l a c e  t h e  frequency 
t r a n s l a t o r  i n  the t r ansmi t t ed  beam. It was easier t o  a c c e p t  t h e  l i g h t  
a t t e n u a t i o n  i n  t h e  frequency t r a n s l a t o r  than t o  implement an automatic  n u l l  
c o n t r o l  and perhaps balanced mixer necessa ry  t o  o b t a i n  t h e  des  i r e d  suppres- 
s ion .  We found t h a t  t h e  spur ious  s i g n a l  could be suppressed t o  about  2 per-  
c e n t  of t he  des i r ed  s i g n a l  q u i t e  e a s i l y .  
2.3 SPATIAL TRACKING 
The s p a t i a l  t r a c k i n g  func t ion  of t h e  o p t i c a l  superheterodyne r e c e i v e r  
i s  of v i t a l  importance t o  t h e  r e c e i v e r  f l e x i b i l i t y .  The heterodyne o p t i c s  
and subsequent photomixing ope ra t ion  are extremely s e n s i t i v e  t o  angu la r  
changes of t he  s i g n a l  d i r e c t i o n .  The s p a t i a l  t r a c k i n g  fo l lows  t h e  l i n e  of 
s i g h t  d i r e c t i o n  of t r ansmi t t ed  s i g n a l  o r  t r a n s m i t t e r  r e t u r n  s i g n a l  i f  a 
r e t r o r e f l e c t i v e  system i s  used and maintains  t h e  s i g n a l  a long  t h e  o p t i c a l  
a x i s  of t he  system. Tes t s  performed upon t h e  o p t i c a l  superheterodyne r e -  
c e i v e r  have shown t h a t  t h e  angu la r  l i m i t s  of ope ra t ion  are  f. 100 p r a d i a n s .  
Thus the  angular t r a c k i n g  accuracy of t h e  s p a t i a l  t r a c k i n g  system must be 
l e s s  than t h i s  va lue .  A se rvo  c o n t r o l  system u s i n g  an image d i s s e c t o r  as 
the e r r o r  s ens ing  d e t e c t o r  has  been s t u d i e d ,  designed, and cons t ruc t ed .  The 
f i r s t  model of t h i s  system used a se rvo  mount which had only a 1 m i l l i r a d i a n  
accuracy. However, a p r e c i s i o n  mount which w i l l  meet t h e  requirements has  
been designed and a t  t h i s  w r i t i n g  is under c o n s t r u c t i o n .  
The e r r o r  s ens ing  technique employed w a s  t h a t  commonly used i n  s ta r  
14 
t r ack ing  s y s  terns employing image d i s s e c t o r s .  This technique u s e s  a 
r o s e t t e  type scan t o  generate  p o s i t i o n  e r r o r  s i g n a l s .  
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On a x i s  s i n g a l s  occur a t  double t h i s  frequency and thus  produce 
no s i g n a l  i n  e i t h e r  channel.  The off a x i s  fundamental frequency component 
of the  two n o n i d e n t i c a l  pulse  p a i r s  passes  through these  corresponding 
a m p l i f i e r s  t o  the  phase s e n s i t i v e  d e t e c t o r s .  The phases a r e  compared t o  
2 . 3 . 1  Image Dissec tor  C i r c u i t r y  
A breadboard model of t h e  e r r o r  sens ing  p o r t i o n  of t h e  s p a t i a l  t r a c k -  
ing  func t ion  was designed and cons t ruc ted  under t h i s  c o n t r a c t .  A b lock  d i a -  
gram of the  sweep and s i g n a l  processing c i r c u i t r y  i s  shown in  Figure  15. A 
r o s e t t e - l i k e  scan as shown i n  F igure  E-4 w a s  genera ted  by a l t e r n a t e l y  g a t i n g  
and proper ly  phasing a t r i a n g u l a r  wave from t h e  azimuth t o  e l e v a t i o n  d e f l e c -  
t i o n  c i r c u i t s  of t he  image d i s s e c t o r .  The t r i a n g u l a r  wave w a s  formed by i n -  
t e g r a t i n g  the  output  of a Schmitt t r i g g e r  c i r c u i t .  By feeding  the  output  of 
t he  i n t e g r a t o r  back i n t o  t h e  input  of t h e  Schmitt  t r i g g e r  t h e  ampli tude of 
t h e  t r i a n g u l a r  wave was made independent of frequency. The frequency of 
t h e  t r i a n g u l a r  wave i s  c o n t r o l l e d  by the  t i m e  cons t an t  of t h e  i n t e g r a t o r .  
The output  s i g n a l  from the  phototube is  ampl i f ied  and then fed  i n t o  
e i t h e r  t h e  a p p r o p r i a t e  azimuth or e l eva t ion  channel i n  synchronism w i t h  
the  image d i s s e c t o r  scanning. Thus azimuth s i g n a l s  a r e  fed i n t o  the  a z i -  
muth c o n t r o l  channel and e l e v a t i o n  s i g n a l s  i n t o  the  e l e v a t i o n  c o n t r o l .  
The ou tpu t  s i g n a l s  a s  descr ibed  i n  A t w i l l 1 4  are i n  the  form of pulse  p a i r s .  
There is one pulse  p a i r  f o r  each branch of t he  r o s e t t e  scan.  Thus a f u l l  
r,har?nel s r m  is r ep resen ted  by two pulse pairs or  fou r  pulses .  I f  t he  
t a r g e t  is  in  the  c e n t e r  of t h e  image d i s s e c t o r ,  t he  pulses  a r e  of equal  
width and the s e p a r a t i o n  between a pa i r  of pu l se s  i s  equal  t o  the  t i m e  
r equ i r ed  t o  scan the  o the r  channel.  Thus f o r  a s i n g l e  r o s e t t e  c y c l e  f o r  
an o n - t a r g e t  s i g n a l  t h e r e  a r e  two i d e n t i c a l  pu l se  p a i r s  f o r  the azimuth 
channel and two i d e n t i c a l  pu l se  p a i r s  f o r  t he  e l e v a t i o n  channel.  The 
fundamental frequency component is the pu l se  p a i r  r e p e t i t i o n  r a t e  and is  a t  
twice t h e  r o s e t t e  scan frequency. When a t a r g e t  is o f f  a x i s  the  pu l se  
ou tpu t  of a s i n g l e  channel  c o n s i s t s  of two n o n i d e n t i c a l  pu lse  p a i r s  t h a t  
r e p e a t  a t  the  r o s e t t e  scanning r a t e .  Thus the  fundamental component of 
t hese  two pu l se  pairs is  a t  the  r o s e t t e  scanning r a t e .  The ou tpu t  of t he  
azimuth and  e l e v a t i o n  ga te s  a r e  fed  t o  azimuth and e l e v a t i o n  a m p l i f i e r s .  
Both these  a m p l i f i e r s  a r e  tuned t o  the r o s e t t e  scan frequency. 
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the  r e f e r e n c e  s i g n a l  generated by the  scan genera tor .  The e r r o r  s i g n a l  
produced is  then used t o  c o n t r o l  t he  servo d r i v e .  
The c i r c u i t r y  corresponding t o  the  block diagram has been designed 
and cons t ruc t ed  i n  breadboard form us ing  a l l  s o l i d  s t a t e  components. 
S a t i s f a c t o r y  ope ra t ion  has been achieved under a c t u a l  t r a c k i n g  cond i t ions .  
2.3.2 Tracking Tests 
An eva lua t ion  of the image d i s s e c t o r  t r a c k i n g  technique i n  a c t u a l  
d a y l i g h t  t r ack ing  tests w a s  made. These tes ts  w e r e  performed under our 
company-sponsored research program. We used a 1 m i l l i r a d i a n  government 
s u r p l u s  r ada r  mount servo-mechanism recons t ruc ted  t o  d r i v e  t h e  beam d i r e c t o r  
mir ror  of t h e  o p t i c a l  superheterodyne receiver. I n  t h e s e  tests a r e t r o r e -  
f l e c t o r  w a s  mounted on the  roof  of an automobile.  The r e t r o r e f l e c t o r  w a s  
then i l l umina ted  by approximately a 1.5 m i l l i r a d i a n  laser beam o r i g i n a t i n g  
i n  the  o p t i c a l  t racking-superheterodyne r e c e i v e r  system and r e f l e c t e d  t o  
the  t a r g e t  v i a  the  beam d i r e c t o r  mirror .  The r e t r o r e f l e c t o r  r e t u r n  was 
aga in  r e f l e c t e d  o f f  t he  beam d i r e c t o r  mi r ro r  t o  t h e  8 inch  diameter  para-  
b o l i c  mir ror  of che receiver. The s igzal ,  fncused t n  a p o i n t  i n  the  f o c a l  
p lane  of t he  parabola ,  was then refocused v i a  an a u x i l i a r y  o p t i c a l  system 
on t o  t h e  s e n s i t i v e  s u r f a c e  of t he  image d i s s e c t o r  pho tomul t ip l i e r .  The non- 
cohe ren t  photos igna l  i n  the  image d i s s e c t o r  is  then scanned over the  
d i s s e c t i n g  a p e r t u r e  of t h e  tube t o  produce a p o s i t i o n  e r r o r  s i g n a l  f o r  con- 
t r o l  of  t he  beam d i r e c t o r  mi r ro r .  The automobile was opera ted  a long  the  
highway loca ted  approximately 1000 f e e t  from the  l o c a t i o n  of t h e  r e c e i v e r .  
During t h e  tests the  car would s tar t  from rest  and accelerate t o  f i x e d  
speeds over a course approximately 1500 f ee t  long. The automobile s t a r t e d  
i n  a d i r e c t i o n  which w a s  approximately a t  r i g h t  ang le s  t o  the  d i r e c t i o n  of 
propagat ion.  Success fu l  t r ack ing  t o  an accuracy of about  1 m i l l i r a d i a n  
w a s  achieved a t  angular  v e l o c i t i e s  of 4 /second. The t r a c k i n g  accuracy 
and r a t e  was l i m i t e d  by the  government su rp lus  s e r v o  mount. The range was 
l i m i t e d  by the  a v a i l a b l e  automobile route .  Motion p i c t u r e s  were taken of 
t h e  t r a c k i n g  experiment. 
0 
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These experiments have shown us t h a t  the  e r r o r  s ens ing  method chosen 
f o r  s p a t i a l  t r ack ing  i n  t h e  o p t i c a l  superheterodyne r e c e i v e r  should be 
a p p l i c a b l e  t o  c o n t r o l  t he  p r e c i s i o n  mount now under cons t ruc t ion .  
2.3.3 Angle Tracking Servo 
The s p a t i a l  s e rvo  c o n t r o l  requirements  are d i c t a t e d  f o r  t h e  cohe ren t  
laser system pr imar i ly  by the  n e c e s s i t y  of main ta in ing  t h e  o p t i c a l  a l i g n -  
ment between the r e t u r n  s i g n a l  and the  l o c a l  o s c i l l a t o r  r e f e r e n c e  s i g n a l  
which i s  necessary f o r  e f f i c i e n t  heterodyning a c t i o n .  For the  s p a t i a l  
t r ack ing  func t ion  t h i s  angu la r  alignment requirement  was exper imen t a l l y  
determined t o  be 0.10 m i l l i r a d i a n .  The new a n g l e  t r a c k i n g  se rvo  has  been 
designed so  t h a t  the  t o t a l  e r r o r  i s  less than t h i s  va lue .  The t o t a l  e r r o r  
i s  the  sum of the dynamic e r r o r  a r i s i n g  from t h e  r e l a t i v e  motion between 
the  r e c e i v e r  and the  t r a n s m i t t e r  p lus  the  s t a t i c  e r r o r  produced by f r i c t i o n a l  
torques and tachometer no i se .  
The design of t he  c o n t r o l  loop is d iscussed  i n  d e t a i l  i n  Appendix E .  
This s e rvo  w i l l  g ive  the  d e s i r e d  t r ack ing  accuracy  i n  a mission Conf igura t ion  
wherein the  target accelerates v e r t i c a l l y  a t  100 f t / s  from a s t a r t  p o s i t i o n  
which i s  5000 f t  from the  t r a c k i n g  u n i t .  This c o n t r o l  c o n f i g u r a t i o n  
u t i l i z e s  an image d i s s e c t o r  f o r  noncoherent s p a c i a l  e r r o r  d e t e c t i o n  and dc 
torque motors as  prime movers. 
2 
The t r ack ing  e r r o r s  i n  t h i s  c o n f i g u r a t i o n  are  shown i n  Table 11. 
Clea r ly  a l l  of t hese  e r r o r s  would n o t  occur a t  t h e  same t i m e .  For 
example, the  maximum angular  a c c e l e r a t i o n  does n o t  t ake  p l a c e  when t h e  con- 
t r o l l e d  member is  moving a t  the  maximum angular  r a t e  i n  t h e  p r o j e c t e d  
mission.  Also s t i c t i o n  torques do n o t  occur when t h e  ou tpu t  member is  
moving a t  the  maximum angular  ra te .  It is  a p p r o p r i a t e  t o  e v a l u a t e  the  
r m s  va lue  of the e r r o r  caused by maximum angu la r  v e l o c i t y  and tachometer 
n o i s e  e r r o r  occurr ing s imul taneous ly  which i s  0.05 m i l l i r a d i a n .  The 
s t i c t i o n  torque and maximum angu la r  a c c e l e r a t i o n  occur toge the r  and t h e i r  
r m s  e r r o r  equals  0.073 m i l l i r a d i a n .  Hence w e  conclude t h a t  t h e  t o t a l  e r r o r  
i nc lud ing  both s t a t i c  and dynamic e r r o r s  w i l l  be less than 0 . 1  m i l l i r a d i a n .  
The servo  design i s  descr ibed  i n  d e t a i l  i n  Appendix E. The com- 
ponents a r e  r e a d i l y  a v a i l a b l e .  Motors and tachometers are o f f - t h e - s h e l f  
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Inland Motors Types, t h e  100 c / s  assumed load  resonance can be obta ined  
wi th  the  mirror  mounted i n  a proper ly  designed mount, t he  a m p l i f i e r s  and 
i n t e g r a l  networks r e q u i r e  reasonable  ga ins  and frequency responses  and t h e  
image d i s s e c t o r  provides  the  r e q u i r e d  angular  e r r o r  r e s o l u t i o n .  It should 
be noted t h a t  the  des ign  of t h i s  c o n t r o l  system i s  based s t r i c t l y  on a 
worst-case approach and no a t tempt  has  been made t o  opt imize the  p e r f o r -  
mance by us ing  time vary ing  ga ins  and a p r i o r i  knowledge because t h e  sys-  
tem philosophy i s  t o  develop the  b e s t  p o s s i b l e  b a s i c  c o n t r o l s  and t o  i n -  
troduce s o p h i s t i c a t e d  techniques a s  they  become necessary  t o  expand the  
l a s e r  t r a c k i n g  system c a p a b i l i t y .  
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P COL,STING AND SEARCH CONSIDERATIONS FOR FREQUENCY TRACKING Lo1 
1. ESTIMATION OF THE MAXIMUM ALLOWABLE TIME OF COASTING 
In t h e  coas t ing  mode t h e  t r ack ing  loop fol lows a frequency ve r sus  t i m e  
curve which i s  a l i n e a r  e x t r a p o l a t i o n  of t h e  a c t u a l  curve based on a v a i l a b l e  
memory da ta .  
curve i s  growing wi th  t i m e  t h e r e f o r e  the coas t ing  mode must s t o p  when t h i s  
d i f f e r e n c e  exceeds t h e  bandwidth of the loop. This  sets a l i m i t  on t h e  
al lowable t i m e  of coas t ing .  
The d i f f e r e n c e  between the  ex t r apo la t ed  curve and t h e  t r u e  
To determine t h i s  t i m e  w e  no te  t h a t  t h e  problem i s  t h a t  of determining 
t h e  i n t e r v a l  over which a func t ion  d i f f e r s  from i t s  l i n e a r i z e d  approximation 
by less then a given amount. 
of t h e  func t ion  
For t h i s  purpose w e  u se  t h e  Taylor expansion 
v ( t  + A t )  = v ( t )  + A t v ' ( t )  + d v " ( t )  2! + .... 
The cond i t ion  on A t  i s :  
v ( t +  A t )  - A t v ' ( t )  
where 
i s  a given va lue  d i c t a t e d  by t h e  a v a i l a b l e  bandwidth. Avmax 
But w e  can a l s o  w r i t e  
v( t + A t )  = v( t) + Atv l (  t) + R2( t) 
where R ( t )  i s  t h e  remainder of t h e  s e r i e s ,  i n  i t s  Lagrangian form i t  can 
be w r i t t e n  
2 
= &d 2! v"( t + 8At) w i th  0 < 8 < 1 . 
A - 1  
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. 
It i s  necessary t h e r e f o r e  t o  make R ( t )  <Avmax. 2 
we t ake  t h e  worst case  when v" reaches  a maximum. It i s  then  s u f f i c i e n t  
t o  have : 
To g e t  an e s t ima te  on R2 
02 2 VI1( tmax) < Allmax 
which y i e l d s  
It i s  thus  necessary t o  f i n d  t h e  max imum ra te  of change of a c c e l e r a t i o n  
v"( tmax)  i n  order  t o  e s t ima te  t h e  t i m e  of coas t ing .  
As an example w e  cons ider  a missile moving v e r t i c a l l y  a t  a cons t an t  
a c c e l e r a t i o n  a. The doppler  frequency i s  due t o  t h e  v e l o c i t y  component i n  
t h e  d i r e c t i o n  of t h e  r e c e i v i n g  s t a t i o n  a s  shown i n  F igu re  A - 1 .  
v = v s i n  + = at s i n  + D 
2 at t an  $ = - 2 r  
r i s  t h e  h o r i z o n t a l  d i s t a n c e  between t h e  missile launch pad and t h e  observa-  
t i o n  p o i n t .  
We wish now t o  e v a l u a t e  t h e  maximum rate  of change of a c c e l e r a t i o n .  For 
t h i s  purpose we d i f f e r e n t i a t e  twice  t h e  express ion  ( A . l )  
( A 4  
= a s i n  + ( 1 + 2  cos 2 +) a = V I - -  dv s i n  + + v cos + dt 
D - d t  
occurs  a t  t h e  po in t  a t  which i t s  d e r i v a t i v e  van i shes .  The maximum of - daD d t  
A - 2  
4 
I 
. 
, F-4065 - 1 
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Figure A-1. A Missile Tracking System. 
v(t, a. - Aa) 
to 
b t  
Figure A-2. Search Region for Frequency Loop. 
I 1 - 1  -0064 
t 
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240 C/S 
Figure A-3. Frequency Search Pattern. 
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W e  must have 
2 
aD daD 2 
d t  2 - I$ ( d t )  d t  
- - -  -
2 2 2 1 2 
- * [-3 s i n  + cos  + - 2 s i n  + s i n  + cos + z cos $1 = 0. 
By t r i a l  w e  f i n d  t h a t  
2 
d t  
- -  aD - 0 f o r  +; 15' . 
2 
The corresponding va lue  of ra te  of change of a c c e l e r a t i o n  can be found from 
(A.3) 
+ =  15 
v" = 
max 
max max 
Thus the  maximum t i m e  of c o a s t i n g  is:  
A s  a numerical  example l e t  
2 a = 100 f t / s  
r = 10,000 f t  
A-4  
. 
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I This  l a t t e r  f i g u r e  corresponds t o  a doppler frequency s h i f t  of 5 kc/s f o r  
a l a s e r  a t  6328 R .  S u b s t i t u t i n g  t h e  numbers w e  ob ta in  
A t  = 24 x second. 
I 
It i s  a l s o  i n t e r e s t i n g  t o  eva lua te  t h e  maximum r a t e  of change of v e l o c i -  
'II - 0 which y i e l d s  + = 7 . t y  from (A.2) .  The maximum occurs  for - Thus daD I d t  
I (aD)max = @. This maximum a c c e l e r a t i o n  p l a c e s  a minimum requirement on 
t h e  bandwidth of t h e  AFC loop. 
I 
2. DETERMINATION OF THE SEARCH PATTERN 
The purpose of t h e  search  func t ion  i s  t o  f i n d  t h e  s i g n a l  and t o  lock  on 
i t  a f t e r  t h e  coas t ing  func t ion  has  f a i l e d  t o  do so .  It i s  designed t o  oper-  
a t e  over a wider f reqency range and f o r  a longer  t i m e  than t h e  c o a s t i n g  mode. 
For t h i s  reason t h e  sea rch  mode t o  cope w i t h  even tua l  changes i n  t h e  a c c e l e r -  
a t i o n  of t h e  t a r g e t  which have occurred form t h e  t i m e  t h e  r e t u r n  s i g n a l  has  
1 
I 
been l o s t .  
I We cons ider  aga in  t h e  problem of t r ack ing  t h e  doppler  s h i f t  from a m i s -  
s i l e .  The v e l o c i t y  of t h e  m i s s i l e  given by 
I 
V(t,a!) = v + a! t-t [ 0 ( o p n  \l/ f o r  t > t o  
where to i s  t h e  t i m e  when t h e  r e t u r n  s i g n a l  was l o s t .  
a t i o n  of t h e  m i s s i l e  f o r  t > t o .  
s i l e  i s  
Le t  a be t h e  a c c e l e r -  
We denote by a0 t h e  a c c e l e r a t i o n  p r i o r  t o  
IC/ i s  t h e  e l e v a t i o n  angle .  We assume t h a t  t h e  a c c e l e r a t i o n  of t h e  m i s -  
I 
I 
a = a !  + A a  
0 -  
f o r  t > t o  . 
I Therefore  t h e  spread i n  v e l o c i t i e s  a t  any t ime i s  given by: 
A-5 
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A V = V  t CY + &  ( 0- - v ( t y a o ) =  &(t - t s i n  + 0) 
For t h e  worst  case  w e  can t a k e  s i n  + = 1. Therefore  we w i l l  c e r t a i n l y  
f i n d  the  v e l o c i t y  i n  the  region bounded by t h e  two curves v - + Av as shown i n  
F igure  A - 2 .  
we e x t r a p o l a t e  i t  l i n e a r l y  from t h e  l a s t  known va lue  a t  t = t . Such a 
s t r a i g h t  l i n e  w i l l  d i f f e r  from t h e  t r u e  v e l o c i t y  curve by an amount 
Since we do n o t  know t h e  shape of t h e  curve v ( tyao) f o r  t > to 
0 
so  t h a t  i f  w e  account f o r  t h a t  d i f f e r e n c e  we can f i n d  t h e  r equ i r ed  ampli tude 
f o r  t h e  sea rch  p a t t e r n .  
We r e c a l l  t h a t  t h e  maximum r a t e  of change of a c c e l e r a t i o n  occurs  a t  
$'= 15' and i s  given by 
(g) max = 1.7@ . 
The t o t a l  amplitude of t h e  p a t t e r n  o v e r r i d i n g  t h e  c o a s t i n g  p a t t e r n  
i s  then 
A ( t )  = 1.7,/$ & + & A t  
where 
Let  u s  cons ider  now a numerical  example w i t h  
A-6 
I '  
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I 
I 
I 
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I 
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2 
Q! = 100 f t / s  
r = 10,000 f t  
2 
An! = 10 f t / s  
2 A ( A t )  = 8.5 ( A t )  + 10 A t  
I f  we choose t h e  maximum t i m e  of searching as A t  = 1 s, a t  t h e  end 
of t h e  searching  t i m e  t h e  maximum amplitude i s  
maX 
A ( A t  ) = 18.5 Mc/s . max 
Ins t ead  of genera t ing  t h e  pa rabo l i c  amplitude p a t t e r n s  given by A ( t )  i t  i s  
easier t o  gene ra t e  a l i n e a r  growing p a t t e r n  which con ta ins  A ( t )  a t  each i n -  
s t a n t  of t i m e .  
given by 
It can be e a s i l y  seen t h a t  f o r  example t h e  l i n e a r  p a t t e r n  
B ( t )  = 0.5 + 19.5 A t  
s a t i s f i e s  t h e  r equ i r ed  condi t ion  f o r  A t  < 1  s. The p a t t e r n  B ( t )  has  an 
amplitude of 0.5Mc/s a t  A t  = 0 and of 20 Mc/s a t  A t  = Is. 
t r i a n g u l a r  wave as a scanning funct ion.  
wave i s  d i c t a t e d  by t h e  bandwidth of t h e  AFC loop. For a bandwidth of 5 kc 
i t  i s  found t h a t  rates of change of the o rde r  of 500 M c / s  can be  handled. 
Such a s l o p e  corresponds t o  a frequency of 240 c/s  a t  an ampli tude of 0.5 
Mc/s and of 6 c / s  a t  20 Mc/s. 
We now choose a 
The maximum s lope  of t h e  t r i a n g u l a r  
The chosen p a t t e r n n i s  i l l u s t r a t e d  i n  F igu re  
A-3. 
A-7 I 
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APPENDIX B 
AN EXPLANATION FOR THE APPARENT STANDING-WAVE PATTERN OBTAINED 
I N  OPTICAL SUPERHETERODYNE SYSTEMS 
1. SUMMARY 
It i s  shown t h a t  t h e  standing-wave p a t t e r n  obta ined  i n  an o p t i c a l  t r a n s -  
m i t t e r - r e c e i v e r  superheterodyne system i s  e s s e n t i a l l y  due t o  t h e  m u l t i f r e -  
quency c h a r a c t e r  of t h e  l a s e r  ou tput .  The modulation s i g n a l  i s  thus  simul- 
taneous ly  conveyed over s e v e r a l  c a r r i e r s  a t  d i f f e r e n t  f r equenc ie s .  Af t e r  
d e t e c t i o n  t h e  recovered s i g n a l  i s  the  v e c t o r  sum of t h e  p a r t i a l  s i g n a l s  
a r r i v i n g  i n  va r ious  amplitudes and phase r e l a t i o n s h i p s .  Th i s  r e s u l t s  i n  
an apparent  standing-wave p a t t e r n ,  the sepa ra t ion  between two success ive  
maxima being given by h a l f  of  t h e  wavelength corresponding t o  t h e  minimum 
d i f f e r e n c e  between t h e  va r ious  laser f requencies .  
2 .  THEORY 
The o p t i c a l  system on which t h e  standing-wave p a t t e r n  w a s  observed is  
given i n  F igure  B - 1 .  
Consider t h e  l a s e r  t o  e m i t  s e v e r a l  equa l ly  spaced f r equenc ie s .  The 
spacing i s  then  given f o r  t h e  dominant TEM modes by: 
00 
f m  = m( c/2b) 
where 
m i s  an i n t e g e r  i n  t h e  order  of lo6 f o r  gas masers 
c i s  t h e  v e l o c i t y  of l i g h t  
b t h e  l a s e r  p l a t e  s epa ra t ion .  
For  a 1-m Fabry-Perot,  c /2b  = 150 
form 
B - 1  
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Figure B-1. Block Diagram of an Optical Superheterodyne System. 
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where ok = o 
c a v i t y .  The rece ived  s i g n a l  i s  then given by 
+ k b  and b = 2nAf i s  a f i x e d  q u a n t i t y  determined by t h e  l a s e r  
0 
E ( t )  = Eocos ( o t+$ (r + - ’,,> + El cos (Wl t+$g  y) 
0 
E COS okt+$ + - k ( k- Xk + * * * . .  
where x i s  t h e  round- t r ip  pa th  l eng th  between t h e  t r a n s m i t t i n g  and t h e  re- 
ce iv ing  p o i n t s .  The l o c a l  o s c i l l a t o r  s i g n a l  i s  of t h e  same form a s  t h e  
t r a n s m i t t e d  s i g n a l  except  f o r  a f i x e d  frequency t r a n s l a t i o n  which w e  denote  
by a. Thus w e  have 
1) 
) + E i  cos ult+Stt+$ E ’ ( t )  = EA C O S  Wot+Qt+$ ( ( 0 
E’ k (  cos okt+Stt+$ k )  . 0 . 2 )  + ..... 
The two s i g n a l s  given by ( B . l )  and ( B . 2 )  a r e  mixed a t  t h e  pho tomul t ip l i e r  
s u r f a c e .  
of t h e  t o t a l  i n c i d e n t  s i g n a l  (square- law d e t e c t o r ) ,  w e  can w r i t e  
The recovered modulation cu r ren t  i s  p ropor t iona l  t o  t h e  square  
” (  k 4 + E E L  2 cos o t+at+$ 
k )  
+ z E ! E ’  cos  o.t+at+$. cos o t+S2t+$ 
j k J k  ( J  J 1 ( k  
B-3  
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( 4  j # k  
By examining each of t h e  f i v e  terms i n  t h e  above expansion,  w e  conclude 
t h a t  t h e  only  terms which c o n t r i b u t e  t o  t h e  s i g n a l  a t  t h e  f requency a, are 
contained i n  the  sum ( e ) .  In  p a r t i c u l a r  w e  must choose those  t e r m s  f o r  which 
j = k .  Thus t h e  d e t e c t e d  c u r r e n t  a t  t h e  frequency 52 i s  given by 
= C )3 E k E i  cos  @ + F) 
k 'de t 
0.4) 
whcre C i s  a p r o p o r t i o n a l i t y  cons t an t .  
can a l s o  be w r i t t e n  
S ince  E i  i s  p r o p o r t i o n a l  t o  E t h i s  k 
= D X E k  2 c o s k  + y) . 
'de t 0.5) 
In  t h e  form (B.5) t h e  v a r i o u s  modulation components are  c l e a r l y  ex- 
h i b i t e d  w i t h  t h e i r  r e l a t i v e  ampli tudes and phases .  W e  can now o b t a i n  t h e  
v e c t o r  sum of t h e  c u r r e n t s  i n  (B.5) and rewrite it a s  
whcrc 
B-4 
(B.7) 
* \  
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tan  @ = 
27rx s i n  -
k 'k 
2 T X  LE: cos -
k 'k 
The amplitude A i s  thus  a pe r iod ic  func t ion  of x. The pe r iod  can be recog-  
n i zed  i f  w e  w r i t e  (B.7) i n  the s l i g h t l y  d i f f e r e n t  form 
k# j 
But 
k w 
C 
- - -  2 T  
'k 
t h e r e f  o r e  
2 2  Aw 
k J  C E C E  E. cos  x - (k - j) 
k j  
k# j 
It i s  clear now t h a t  (B.9) i s  a F o u r i e r  expansion f o r  the ampli tude 
func t ion .  The per iod  i s  given by: 
C - x = -  
A f '  
For t h e  case  Af = 150 M c ,  = 2 meters s i n c e  x w a s  t h e  t o t a l  p a t h  l e n g t h  
( r o u n d - t r i p ) ,  t h e  d i s t a n c e  between two success ive  m a x i m a  i s  3 = 1 m e t e r .  
This  ag rees  w i t h  experimental  results.  
- 
X 
Thus t h e  m u l t i c a r r i e r  t ransmission r e s u l t s  i n  an apparent  s tanding-  
wave p a t t e r n .  
0 . 9 )  
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w 2  
L ALI 
3. SAMPLE CALCULATION 
2 2 * I  (;)=(?) = 0.5 
AU 4 
To i l l u s t r a t e  t he  theory we cons ider  a l a s e r  which emits  i n  a spectrum 
a s  shown i n  Figure B-2. 
1 1 - 1  -0066 
w 
0 
Eo I 
Figure 8-2. Laser Spectrum. 
From (B.8) we obta in ,  t ak ing  EO as u n i t y  and dropping t h e  p r o p o r t i o n a l i t y  
f a c t o r  
2 4 2 2  2Awx + 2E1 E2 cos - . A (x) = 1 + El + E: + 2 (E; + E i ) c o s  c 
C 
S u b s t i t u t i n g  the  numbers w e  ob ta in  
2Awx 
Awx + 0.5 cos -= 1.5 + 2 COS 7 . 2 A 
C 
I n  F igure  B-3 we have p l o t t e d  t h e  normalized ampli tude v e r s u s  range v a r i a t i o n  
f o r  t h e  numerical  example cons idered  above. 
In  conclusion standing-wave p a t t e r n  measurements provide  a r a p i d  means 
f o r  t h e  de t ec t ion  of s e v e r a l  f r equenc ie s  i n  t h e  ou tpu t  of a laser. 
from t h e  shape of t he  curve,  information can be ob ta ined  a s  t o  t h e  r e l a t i v e  
amplitudes of the va r ious  frequency components. The smaller t h e  r i p p l e  i n  
t h e  amplitude curve the  less energy i s  r a d i a t e d  a t  t h e  s i d e  f r equenc ie s .  
Also 
' r  
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APPENDIX C 
ON MEASUREMENT OF TKE DOPPLER SHIFT WITH LASERS 
One of t h e  b i g  advantages of us ing  l a s e r s  f o r  t r a c k i n g  purposes i s  
A s  an example a laser e m i t t i n g  t h e  high accuracy which can be obtained.  
a t  t h e  6328 A wavelength w i l l  d i s p l a y  a doppler  s h i f t  of approximately 1 M c  
from a t a r g e t  moving a t  1 f t / s .  Some d i f f i c u l t y  a r i s e s  i n  p r a c t i c e  from 
t h e  f a c t  t h a t  p re sen t  day l a s e r s  do not  e m i t  on ly  a s i n g l e  frequency, t h e r e -  
f o r e  t h e  doppler  s h i f t  i s  conveyed v i a  s e v e r a l  c a r r i e r s  s imultaneously.  It 
i s  e s s e n t i a l  t o  recognize t h e  va r ious  frequency components p re sen t  and d i s -  
c r imina te  t h e  d e s i r e d  s i g n a l  from them. 
0 
W e  begin by an a n a l y s i s  of t h e  doppler e f f e c t  where only  one frequency 
i s  t r ansmi t t ed .  The s i g n a l  r e f l e c t e d  from a moving t a r g e t  and rece ived  a t  
t h e  t i m e  t o r i g i n a t e d  from t h e  t r a n s m i t t e r  a t  t h e  t i m e  t - 2 A t .  The in s t an -  
taneous d i s t a n c e  between t h e  t a r g e t  and t h e  t r a n s m i t t e r - r e c e i v e r  i s  (see 
Figure  C - 1 )  
R ( t )  = Ro 2 v r ( t - t o )  ( C . 1 )  
f o r  t > to, and t h e  range a t  t i m e  t - A t  i s :  
R( t - A t )  = CAt  
From which t h e  de lay  t i m e  A t  can be found 
I 
(+) s i g n  i s  f o r  a receding  t a r g e t  
( - )  s i g n  i s  f o r  an approaching t a r g e t .  I 
I The r ece ived  s i g n a l  a t  t h e  t i m e  t i s  then: 
0 r 
c- 1 
. 
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Figure C-I. A Doppler Laser System. 
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Figure C-2. Spectrum of Subcarrier Doppler Terms. 
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Figure C-3. Spectrum of Laser Beats. 
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V r I n  p r a c t i c e  - <<1, so t h a t  we can expand 
C 
V 
1: S u b s t i t u t i n g  i n t o  ( C . 3 )  and neg lec t ing  t h e  h igher  powers of - C w e  have 
2 0  v t o r 0  ] + + $  2woRo 2v = sin[wo (t ‘T tJ - -C C 
If we denote  the  doppler frequency by 
V r OD = 2w0 -
C 
t he  rece ived  s i g n a l  can be w r i t t e n  
E r ( t )  = A s i n  w + w D ) t  + w D t o  -  2woRo + m] . [( 0 -  C I 
I n  t h e  superheterodyne r ece ive r  t h e  s i g n a l  i s  mixed w i t h  p a r t  of t h e  
t r ansmi t t ed  s i g n a l  and a s  a r e s u l t  a s i g n a l  a t  t he  doppler frequency i s  
obta ined .  I f  t h e  l o c a l  o s c i l l a t o r  s i g n a l  i s  w r i t t e n  
1 Ep = A p  s i n  w o t  + $ ( 
I t h e  doppler  s i g n a l  i s  
(c.5) 
c-3 
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W e  now cons ider  the more gene ra l  case when a number of e q u a l l y  spaced fre- 
quencies  a r e  t r ansmi t t ed  s imultaneously.  The t r a n s m i t t e d  s i g n a l  t a k e s  the I 
form: 
The r ece ived  s i g n a l  i s  given by: 
+ '.I - OoRo E( t )  = Eosin [ (ao+ wDo)t 2 wDoto - 2 -C 
C 
+ ... 
where w - wo + kAu wi th  bw a f i x e d  frequency s e p a r a t i o n  and k -  
k = 0, 2 l,..., + n i s  an i n t e g e r  - 
2vr w = w -  Dk k c  - 
I 
The rece ived  s i g n a l  i s  mixed w i t h  p a r t  of t h e  laser ou tpu t ,  and t h e  d e t e c t o r  
output  i s  p ropor t iona l  t o  t h e  i n c i d e n t  power. I 
I 
The mixing terms a r e  given by: 
- 
E .  s i n  w - + w D k ) t  2 wDkto - -  2wkRo ] + 'k k ,  zGj [ ( k  C 
k# j  
- 2w .R 
s i n  [ kj + wDj) t wDj to - 2 C + mj3 (C. loa) 
c -4 
F -4 06 5 - 1 
k# j 
( C .  lob)  
( c .  10c) 
We w i l l  now analyze i n  d e t a i l  t h e  f requencies  p r e s e n t  i n  the  va r ious  
mixing terms. From t h e  sum (C.lOa) we ob ta in  f requencies  of t h e  type; 
I 
1 
I 
These terms r e p r e s e n t  t h e  laser b e a t s  wi th  i t se l f  modulated by t h e  doppler  
s h i f t .  They can be c a l l e d  t h e r e f o r e  s u b c a r r i e r  doppler  terms. Depending 
a l s o  on t h e  v e i o c i t y  OF the target they represezt 2 re latFvely narrow spec- 
trum cen te red  around t h e  b e a t  f requencies  as  shown i n  F igu re  C-2 .  
of t h e  spectrum i s  p r o p o r t i o n a l  t o  the  c e n t e r  f requency ( k - j ) & .  
sum (C.lOc) w e  o b t a i n  terms a t  t h e  f requencies  
I 
I 
I 
The width  
From t h e  
W - W = (k-j)rsL, . k j  I 
This  i s  a l i n e  spectrum and r ep resen t s  t h e  b e a t s  of t h e  laser l o c a l  o s c i l -  
l a t o r  w i t h  i t s e l f .  
our a t t e n t i o n t o t h e  sum (C.lOb), t h i s  con ta ins  t h e  terms which d i s p l a y  t h e  
t h e  doppler  s h i f t  a t  t h e  carrier frequency. 
t h e  type:  
I The spectrum is shown i n  F igu re  C-3. F i n a l l y  w e  t u r n  
The f r equenc ie s  p re sen t  a r e  of I 
I 
I 
c-5 
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I n  p a r t i c u l a r  w e  are i n t e r e s t e d  only i n  t h e  terms a t  the doppler  frequency 
o r  a t  approximately t h a t  frequency. These terms are obta ined  from t h e  *Do 
sum (C.lOb) when w e  t ake  k = j .  
given by 
The s i g n a l  a t  t h e  doppler  frequency i s  then  
2v 
1 A ( t )  = Ak COS + k& - t + qk) 
C DOP k= -n 
( c .  11) 
where 
2*kRo = - 0  t t- 'k Dk o C 
The expression f o r  A ( t )  can be expanded i n  t h e  form: 
DOP 
A ( t )  = cos 0 t E A k  c o s ( W  - 2vr t + qk 
C DOP Do k 
- s i n  0 t x A k  s i n ( w -  2vr t + qk) . 
C Do k 
We now de f ine :  
[k ( 2 A ( t )  = E A k  COS kho- t + qk 
2 2v Ak s i n  - t + 
+[: ( 
I C-6 
(c .  12) 
(C. 13)  
( C .  14) 
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Thus : 
A ( t )  = A ( t )  cos  oDt + $(t)  . ( C .  1 5 )  
DOP 1 
From express ion  ( C . 1 5 ) ,  w e  conclude t h a t  t h e  doppler  s i g n a l  i s  both  
We can f i n d  the ampli tude modulation ampli tude and frequency modulated. 
envelope from t h e  express ion  of A( t )  which w e  rewrite i n  t h e  form 
1 2vr '3 - j ) &  c t + *k - A 2 ( t )  = E A k  2 + c c A k A j  cos k j  w k2 
i f  w e  now denote :  
and u s e  t h e  express ion  f o r  R ( t )  w e  ob ta in  
R( t) 
27r(k - j) 
M 
2 
n n  
A2( t )  = 1 A i  + AkAjcos -k= -n k= -n j = -n 
k#j  
( C .  16) 
( C .  17) 
This  f i n a l  express ion  ( C . 1 7 )  i s  analogous t o  t h e  s p a t i a l  d i s t r i b u t i o n  p a t t e r n  
obta ined  from a s t a t i o n a r y  t a r g e t  (see Equation (B.9) i n  Appendix B) . 
t h e  envelope of t h e  ampli tude modulated doppler  r e t u r n  s i g n a l  i s  j u s t  t h e  
s p a t i a l  d i s t r i b u t i o n  p a t t e r n  moving a t  a v e l o c i t y  vr a long t h e  d i r e c t i o n  of 
propagat ion .  
Thus 
We can f i n d  t h e  amount of frequency modulation p r e s e n t  by t ak ing  t h e  
d e r i v a t i v e  of ( C. 14) 
c-7 
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1 
1 + t an  @t 2 
2vr 
2 
2vr kAu - A  A.cos ( k - j ) b c  t + q k  - 
2vr 
1 k=-n j= -n  C k J  
[ k > - ~ k c o s ( w  c + ‘k)] 
WDAkAjcos 2n(k - j )  w 
- 
2 k=-n j= -n  - 
*m - n Ro 5 A t  + AkAj cos  2n(k- j )  - M 
k= -n k=-n j=-n  2 
k z j  
where 
2vr b D = b -  C 
A l t e r n a t i v e l y  we can w r i t e  
I (C. 18) 
I n  t h i s  l a t t e r  form it i s  apparent  t h a t  om vanishes  f o r  a l l  t i m e s  provided 
we make Ak = A t h a t  i s  i f  t h e  energy of t h e  laser i s  symmetr ical ly  d i s -  
t r i b u t e d  about t h e  main frequency. 
frequency components i n  o 
-k’ 
We can a l s o  pu t  i n  evidence t h e  v a r i o u s  
by w r i t i n g  m 
C-8  
F-4065 -1 
E ! w  
k b m  cos 2?r - M m= 1 n 
L 
w 2n 1 + a. + 1 am cos 2 7 ~  
rn= 1 
0 = &dD m 
M 
2 
-
where 
A A  
a = 1 i(A+L) A  f o r  m + 0 
0 
A 
0 j= -n  0 
A A 5 / i + m  + i - m \  n b =  C j  
j=-n  A. A. A o J  
f o r  m = 0 
( c .  19) 
aom The maximum of o occurs  f o r  - = 0.  This  can be found as fo l lows .  
rn a t  
Le t  o be w r i t t e n  a s :  m 
A t  a maximum w e  have: 
c-9 
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which then determines the time 7 .  Thus: 
( c .  20) 
If the amplitudes of the higher order side-frequencies emitted by the laser 
decrease sufficiently rapidly it can be also shown that am >bm. Therefore 
we conclude that 
due to frequency modulation. 
<bD; this sets a bound on the frequency excursion 
(Om)  - max 
I F-406 5- 1 
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APPENDIX D 
NO IS E FIGURE FOR PHOTOTUBES 
The s i g n a l - t o - n o i s e  r a t i o  P /P f o r  photon n o i s e  l i m i t e d  o p e r a t i o n  so no * 
i s  given by t h e  equat ion 
s o  Q pS P 
P -hvAf 
- - -  
no 
where 
Q = quantum e f f i c i e n c y  
P = s i g n a l  power 
h v  = energy per  photon 
Af = e lec t r i ca l  bandwidth. 
S 
The n o i s e  e q u i v a l e n t  power, PN, is  def ined as t h e  amount of s i g n a l  
power r e q u i r e d  t o  g ive  a u n i t y  s i g n a l - t o - n o i s e  r a t i o .  Thus from Eq. ( D . l )  
The maximum s e n s i t i v i t y  w i l l  be obtained when Q = 1. Thus t h e  n o i s e  
f i g u r e  r e f e r e n c e  power is  
The n o i s e  f i g u r e  F f o r  an o p t i c a l  superheterodyne r e c e i v e r  may be de- 
o p t  
f i n e d  as t h e  r a t i o  of t h e  n o i s e  equ iva len t  power of t h e  r e c e i v e r  P t o  t h e  
va lue  ( PN) Q=1* Expressing t h i s  mathematically r e s u l t s  i n  
N 
* 
Equation 56 of Biernson and Lucy i s  
* 
Biernson G . ,  and Lucy R.F. ,"Requirements of a Coherent Laser Pulse  Doppler 
Radar," Proc. IEEE,  Vol. 51, Jan. 1963, pp. 202-213. 
D- 1 
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where t h e  terms n o t  prev ious ly  def ined  are 
P = t o t a l  equ iva len t  power due t o  r a d i a t i o n  background, n dark  c u r r e n t ,  etc.  
P = l o c a l ' o s c i l l a t o r  power 
FkT = n o i s e  energy of a m p l i f i e r  fo l lowing  phototube 
R = e f f e c t i v e  load r e s i s t a n c e  of phototube 
G = phototube ga in  
r 
e = e l e c t r o n  charge 
2Qcpn = normalized b e a t  term due t o  l o c a l  o s c i l l a t o r  
b e a t i n g  w i t h  background power. 
For d i f f u s e  s o l a r  background and a l o c a l  o s c i l l a t o r  power g r e a t e r  than 
Equation ( D . 5 )  becomes 
- -  QPS 
FkThv , , ]  
2 R G  Qe P r 
- so
P 
P no 
when 
- -  - 1  so  
P 
P no 
I ,  
I 
P* = P N o  
Substituting and then solving for PN w e  ge t  I 
F- 406 5 - 1 
(D. 10) 
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Substituting in Eq.  (D.4) the opt ica l  noise  figure i s  
( D .  11) 
(D. 12) 
D- 3 
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APPENDIX 
SPATIAL TRACKER SERVO 
E 
CONTROL DESIGN 
MISSION, GENERAL CONFIGURATION, AND TARGET MOTION INDUCED ERRORS 
The tracker-target geometric configuration is shown in Figure E-1. 
1 1 -  
b 
, I  -0071 
= a  
Figure E-1 . Postulated Operational Environment. 
is From considerations of this geometry the maximum angle velocity, e' max ' 
1 - 
0 = 0 . 8 ( 2 )  4 
Rmin max 
e' 
while the maximum angular acceleration, gmax, occurs at launch and equals 
a, .. - - -  max R 0 min 
where 
2 
a! target acceleration [ ft/sec ] 
R distance from tracker to launch position. min 
E-1 
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The corresponding t r ack ing  e r r o r  due t o  an  i n p u t  a t  t h e  maximum angular  
~ a c c e l e r a t i o n  i s  
The block diagram of the  c o n t r o l  loop i s  shown i n  Figure  E-2. The resonance 
of t he  c o n t r o l l e d  s t r u c t u r e  w i l l  be assumed t o  be 100 c/s. I f  the rate loop 
bandwidth i s  thus l imi t ed ,  the fo l lowing  rate loop parameters are appropr i -  
ate. 
I 4 
rate loop gain-cross-over  f r e q .  or = 150 l / s  
ra te  loop in teg .  network 
upper break f r e q .  o = 50 l / s  ir 
r a t i o  of r a t e  loop i n t e g .  n e t .  
break f requencies  @ = 50 
Not n e c e s s a r i l y  used. 
The c h a r a c t e r  of the  n o i s e  a t  the d e t e c t o r  i s  d i f f i c u l t  t o  estimate bu t  
no ise  bandwidth a s s o c i a t e d  w i t h  t h e  fol lowing p o s i t i o n  loop parameters  i s  
assumed f o r  t he  p re sen t  t o  provide adequate f i l t e r i n g .  
p o s i t i o n  loop gain-cross-over  o = 30 l / s  
f r e q .  P 
p o s i t i o n  loop in t eg .  network 
upper break frequency O = 10 l / s  
i P  
r a t i o  of pos. loop i n t e g .  net. 
break f requencies  a = 100 
The gain-cross-over  of a c o n t r o l  loop i s  analogous t o  t h e  loop  bandwidth 
and i s  more s t r i c t l y  def ined  as the  frequency a t  which t h e  open-loop g a i n  
t r a n s f e r  func t ion  equals  u n i t y .  Any i n t e g r a l  networks included i n  the  loop 
must have upper break f requencies  a t  less than  t h e  ga in-cross-over  frequency 
f o r  s t a b i l i t y  reasons.  I f  t he  t a r g e t  a c c e l e r a t i o n  i s  taken as 100 f t / s  
and the  minimum range a s  5,000 f t ,  t he  angu la r  e r r o r  due t o  an  i n p u t  a t  t h e  
max angular  v e l o c i t y  would be 
2 
1 
k 
E-2 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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a0 L 
SF 
L 3Q 
v 
0 
E e 
8 
B 
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CY/Rmin 
P iP 
100/5000 = 0.067 milliradian . =m - e(a) w w e 
These two errors are less than the desired tracking accuracy of 0.1 milli- 
radians. 
2. 
l 
and 
The 
PARTICULAR COMPONENTS 
The total load inertia 
for this value and the 
2 including motor is estimated at JT = 1.0 ft-lb-sec 
maximum acceleration the stall torque required is 
.. 
= l(0.12) = 0.02 ft lb . Tp = JTemax 
motor torque requirement however is set by the required step-response 
which indicates that for no overshoots, the necessary torque would be 
This indicated an Inland T-4036 capable of 1.8 lb-ft stall torque and 37 rad/s 
max no-load speed. The electrical time constant 
7 - L/R = 2 x 10-~sec . E -  
-3 For a 4 ohm armature resistance an inductance of 8 x 10 Henry is indicated. 
The motor is to be driven by a solid state power amplifier with an output 
impedance of 2 ohm estimated. The total armature circuit resistance is then 
6 ohms. The armature transfer function is then 
y = - -  1 1/R 1/6 
a RtSL - '1+SL/R = 1 + S/650 
F-406 5 - 1 I 
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The open motor loop transfer function is then 
K K  m v  G =  m RJS( l+S/650) 
For the T-4036 with a 4 ohm armature resistance the motor constant 
K = 0.378 lb-ft/A. 
motor constant so K = 1.356 and 
The back emf of any torque motor is 1.356 times the m 
V m 
- (y.3y8i2(lj356! - 0.032 
Gm - (6 (1 S l+S 650 - S(l+S/650) ' 
The closed motor loop transfer function is then 
m 0.032 G 
l+G 
- -  
- (S+O. 032) (1+S/650) m 
open loop 
Hence for 
rate transfer function is (neglecting net) 
KrKt 0.032 G = -  
r K (S+O.O32)(l+S/650) ' V 
a gain-cross-over frequency of 150 l/s 
- = - -  - 4700 . KrKt K 0.032 V 
The preliminary tachometer selection indicated of the the Inland T-5703 as 
a reasonable rate feedback element. 
rad/s and a maximum ripple of 1% of the average most of which occurs at a 
frequency of 79 ripple cycles/rev. 
a gain equal to 
This unit has a sensitivity of 32 volts/ 
Thus the rate loop amplifier K must have r 
E-5 
F-406 5 -1 
LOG/LAG 
KrKt 4700 = - - 
V 
K 
1.0 - 
1 1-1  -0073 
I 1 I 
0.032 150 650 ____) 
LOG W 
Figure E-3. Log Magnitude Plot of Rate Loop Gain Transfer Function. 
1 1  - 1  -0074 
NO ERROR 1- 
SCAN 
PATTER N 
Figure E-4. Image Dissector Output Waveforms with Star Scan Pattern 
as Indicated. 
E -6 
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0.514 - 75 K V - 4700 -- Kr = 4700 - 32 Kt 
For the  p o s i t i o n  loop the  open loop t r a n s f e r  f u n c t i o n  aga in  neg lec t ing  the 
i n t e g r a l  networks i s  
and f o r  w = 30 l / s  
P 
K K = 30Kt = (30) (30)  = 900 . P O  
For the  p o s i t i o n  loop, t h e  a n a l y s i s  of a ITT Star Tracker e l e c t r o n i c a l l y  
scanned pho tomul t ip l i e r  w i t h  a p e r t u r e  whose output  waveform i s  shown i n  
F igure  E-4 g ives  t h e  r e s u l t  t h a t  the magnitude of t he  fundamental component 
which i s  absen t  f o r  no e r r o r  i s  equal t o  
al = 7 2A (0.92)(6.28)K = 36.8K 
where K denotes  the  amount of t he  scan r ep resen ted  by t h e  d e v i a t i o n  from the  
no e r r o r  cond i t ion ,  0 < K C 1/16,  i f  the  a p e r t u r e  i s  3 m i l l i r a d i a n s  i n  ex- 
t e n t ,  f o r  one m i l l i r a d i a n  movement from c e n t e r  
- 
k = (&)($=0.0416 . 
Thus i f  we  make K = 1, KO = 900 
P 
a1 = 71 (0.92) (6.28) (0.0416)[millirad 1 
E-7 
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(0.01) ( 0.1)  0.001 - = -= 0.033 m i l l i r a d i a n  . 30 w e ( t )  C e 
The r a t e  a t  which t h i s  s i g n a l  occurs  i s  
I 70[ c / r e v ]  x 6.28[ r a d / c ]  x 0.1[ r a d / s ]  x 1/6.28[  r ev / r ad ]  = 7.9[ r a d / s ]  
which i s  seen to  be only s l i g h t l y  below t h e  upper break frequency of the  
i n t e g r a l  networks; hence,  i t  w i l l  n o t  be much a f f e c t e d  by i t .  However a l l  
lower frequency r i p p l e  components corresponding t o  lower inpu t  angular  rates 
w i l l  cause e r r o r s  of l e s s  magnitude because of t h e  i n t e g r a l  network. F i n a l l y  
s i n c e  a l l  t he  expected r i p p l e  f r equenc ie s  f a l l  w e l l  w i t h i n  the  p o s i t i o n  loop 
bandwidth the re  should be no s a t u r a t i o n  problem in  t h e  r a t e  loop because 
of t h e  r i p p l e  vol tage  s i n c e  t h e  p o s i t i o n  loop can respond f a s t  enough t o  
make the  e f f e c t i v e  r a t e  loop r i p p l e  inpu t  equa l  zero .  
The maximum e r r o r  due t o  a load torque in t roduced  i n t o  a system w i t h  a 
r a t e  loop i n t e g r a l  network w i t h  a break frequency g r e a t e r  than  up can be 
expressed a s  
E - 8  
= 4.85 v o l t s .  0 .9  4(0.92)  (0.0416) A =  
Thus clamping the output  v o l t a g e  of t he  square  wave a t  4.85 v o l t s  produces 
an  e r r o r  s i g n a l  a t  the  necessary  900 - w i t h  the  scan p a t t e r n  shown. [rad 1 
F-4065-1 
so  f o r  
8 =  
e .03 [ m i l s ]  
= ( 3  x (1) (50) (150) TL 
= 0.225 [ f t - l b ]  
= 43.4 [oz - in ]  . 
The s t i c t i o n  torque of the  T-5703 = 1 5  (oz- in)  and the  T-4036 has  6.8 (oz- in)  
f o r  a t o t a l  of approximately 22(oz- in) .  Since the  expected load torques due 
t o  wind w i l l  be very  small, t h e  r a t e  loop i n t e g r a l  network may n o t  be neces-  
s a r y  i n  which case  the  a l lowable  torque would be 
T = ( B e ) J w  w 
L = P  
= 26 [oz- in]  . 
4. I N P U T  N O I S E  
The n o i s e  l e v e l  a t  the  input of the i n t e g r a l  network should be less than 
the  v o l t a g e  corresponding t o  0 .01  m i l l i r a d i a n  which corresponds t o  9 m i l l i -  
v o l t s  as seen  from the  image d i s s e c t o r  t r a n s f e r  f u n c t i o n  of 900 
E- 9 
